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INTRODUCT LON

The research conducted during this Program involved sub-
stantial efforts in primary production prucess metallurgy;
conventional physical metallurgy/mechanical property evalua-
tions; and fracture property/microstructure interactions
employing three widely used a + 8 Ti alloy compositions. We
considered the diversity of results obtained here and assumed
that certain readers may only be interested in say process
metallurgy results as opposed to conventional physical/mechanical
metallurgy evaluations and/or fracture/microstructure behavior
patterns. On this basis, we decided to partition the total
sum of results obtained here by principal subject matter under

one of the three following subsections:

PART I - CRYSTALLOGRAPHIC TEXTURE DEVELOPMENT
IN o« + B TITANIUM ALLCYS

PART 11 - ON THE MECHANICAL BEHAVIOR OF BASAL
TRANSVERSE 1CXTURED TITANIUM ALLOYS

PART ITI - ON THE GROWTH OF CRACKS IN BASAL TRANSVERSE
TEXTURED « + f TITANIUM ALLOYS AS A FUNCTION
OF CHEMICAL ENVIRONMENT

Each Part is a complete entity containing its own set of

relevant Tables, Figures, References, etc. Thus, the reader
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who is only inter.sted in the details associated with a

portion of this rather broad ranged study can easily by-pass
'“h“WWEhose portions of the work which are of lesser interest to CooE
him. In order that all readers may have the opportunity to

overview the total sum of results obtained here, we have also

included a Section labelled SUMMARY.
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SUMMARY

Research was conducted during this effort to define the
relationship(s) between mechanical properties and crystal-
lographic texture develupment in three commonly used o + R

Ti alloy <compositions. Texture development was monitored
during the conversion of production ingot stock to one quarter
inch thick rolled plate as a function of thermomechanical
processing. The three alloy compositions were: 6A1-4V Ti ELI
Grade, 6A1-4V T{ Standard Grade, and 6A1-2Sn-4Zr-6Mo Ti. Suf-
ficient quantities of one specific textural type, basal transverse,
were produced for all three compositions to permit extensive
mechanical and fracture property testing at room and elevated
temperature as a function of product orientation. Material
properties evaluated were: elastic modulus, monotonic stress:
strain behavior, cyclic stress:strain behavior, notched and
unnotched fatigue, fracture toughness (Resistance Curves),

K and da/dn vs. AK. The last two properties woere evaluated

ISCC

in both lab air and 3.5% NaCl 1in HZO as a function of final

thermal practice.

Results of this effort include the establishment of the conditions

required for the production of either a basal transverse texture
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'or an isotropic basal pole array in equiaxed microstructures of
all three alloy chemistries. The role played by post rolling

"thermal practice in altering and/or intensifying o Ti crystal-

lographic textures has been modelled and experimentally corrobora-

ted. Experimentally verified deformation mechanisms are ore-
sented to elucidate the over-riding role played by prior thermo-
mechanical billet/plate rolling process history in determining
the final crystallogrphic textures a given product will exhibirt.
This rationale extends even to the case where the starting per-
ferredly oviented material is additionally worked an additional

90% (reduction in thickness) under a wide variety of conditions.

The uniaxial unnotched mechanical properties of strongly basal
transverse textured 6Al1-4V Ti and 6A1-2Sn-4Zr-6Mo Ti have been
shown to be highly anisotropic in the temperature range 70°F to
1000°F. All three alloy chemistries showed a 207% improvement in
Young's Modulus at 70°F when results obtained in the long trans-
verse direction were compared with daca taken parallel to the
rolling direction. For example, the two 6A1-4V T1i chemistries

achieved Young's Moduli in excess of 20 x 106 psi in the long
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transverse direction at 70°F. Similarly, 25% improvements in both
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; o
monotonic and cyclic tensile properties were also observed at 70 F

when long transverse direction oriented samples of all three
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materials were compaved to their rolling direction counterparts.
Moreover, the cyclic compression yield strength of the 6Al-4V Ti
ELTI Grade composition at 70°F in the long transverse dilrection
was 188 Ksi vs, 94 Ksi in the rolling dir -~tion. All of the
above quoted 70°F strength and Young's Moduli differences with
orientation increased significantly when the above measurements
were remade at 700°F. Smooth fatigue lives in 6A1-4V Ti were

also improved in the long transverse direction at all stress

levels. Notched fatigue S-N data (Kt=u) were the same for both
orientations in all three alloy chemistries. 1In the temperature
range 700°F - lOOOoF, the creep resistance parallel to the long

transverse direction in 6Al-4V Ti was always found to be significantly

better than its rolling direction counterpart. The creep resist-
ance of the 6Al1-4V Ti composition was also found to be a function
of test environment with the material in both orientations ob-
served to be significantly more creep resistant in vacuum (3 x
10—6mm ~f Hg) than in lab air., Microstructural/crystallographic
mechanisms are offered to rationalize the several mechanical pro-

perty improvements noted in this work.

Crack growth velocities induced by either static or fatigue loading
in basal transverse textured 6Al-4V T{ and 6A1-2Sn-4Zr-6Mo Ti
alloys are not only a strong function of alpha phase crystal-

lography, but are as well significantly dependent on final thermal
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practice and detailed alloy chemistry. Working with strongly

basal transverse textured versions of both generic alloy comp-
ositions, two crystallographically distinct modes of cleavage
fracture have been identified during fatigue at low AK. These

are (1) the well known "near basal'" cleavage observed in both

lab air and 3.5% NacCl in H20 and (2) cleavage on or near the

prism plane of the alpha phase which only occurred during salt water
testing. The velocity of cracks propagating via a "necar basal"
cleavage mode 1is very sensitive to minor changes in final thermal
processing and alloy chemistry. Combinations of such small changes
can alter the observed crack growth rates by a factor of 100 during
fatigue 1in 3,5% NacCl {n HZO' In concrast to the extreme velocity

sensitivity of '"near basal" cleavage to minor metallurgical changes,

prism cleavage is virtually insensitive to such changes.

For example, the fatigue crack growth rates (in lab air and salt

water) assoclaced with ''near basal" c¢leavage in 6A1-4V Ti were
found to be very sensitive functions of the final cooling rate

the product sees the last time it is stabilized at a temperature

of 1400°F or above. This alloy composition cracked 10 times faster
at 2 hertz in 3.5 NaCi in H20 when it was furnace cooled from
1400°F to 70°F (<100°F/hr.) than when it was air cooled through

this same temperature (>2000°F/hr.) In this regard, several new

cost gaving T1 fabrication methods (diffusion bonding, superplastic

xviii
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“:producing a virtually '"net part" through metal flow above 1400°F i
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forming and isothermal forging) effect their cost saving by

in the case of 6Al-4V Ti. These '"net parts' are then slowly

cooled in their tooling to room temperature for use in this

final heat treatment state. Recognizing the potential problems

whding

that could arise as these novel manufacturing practices are

adopted for use in the aerospace industry, recommendations are

presented for their avoidance and specific tasks are suggested

for additional research in this important area.

A hypothesis is proposed to account for "near basal'" cleavage
crack growth observed under static and fatigue loadings in lab air
and 3.5% NaCl {in H20 environments. The model predicts that the

velocity of such "mear basal" cleavage cracks is a product of

some function of the alloy's hydrogen concentratrion times some

function related to the degree of short/long range ordering of Al

;
i
i

and 0 in the alpha phase. The metallurgical origins of prism

cleavage are unclear at this time.
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PART I

i

CRYSTALLOGRAPHIC
TEXTURE DEVELOPMENT IN a + B
TITANIUM ALLOYS

Textures arise as a result of extensive plastic deformation
usually in one direction, and may be modified or strengthened

by subsequent recrystallization annealing. In titanium alloys

where the hexagonal phase predominates, the textures which

develop are usually described in terms of the orientation of

the basal plane (0001). The basal textures which develop in E
titanium alloys during deformation operations can be broadly
classified as those in which the basal planes are parallel
with the rolling plane (Figure 1(a)) and those in which the -
basal planes are normal to the rolling plane (Figure 1(b)). :
The former textures are well documented to result in improved

biaxial strength properties (References 1-4). Ffhe latter

textures, by contrast, produce mechanical property aniso-

tropy in the rolling plane (References 5-7).

f Development of rolling practices suitable for generatiou of
biaxially strengthened 6Al-4V titanium alloy products (i.e,,
Figure l(a) textures) has been studied extensively (References

1-4). 1In order to produce a strong Figure l(a) type texture
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texture in 6A1-4V Ti, one requires that a substantial amount
‘of defnrmation (>85% reduction in area, see References 1-4)
be imparted to the metal in the temperature range 1.000°F -
1500°F. In this temperature range, the alpha phase volume

fraction always exceeds 857%.

Texture development for biaxial strength thus controlled by

the deformation behavior of the alpha phase. Moreover, the
equilibrium chemical composition of the alpha phase in 641-4V

Ti approximates that of the binary alloy Ti 6.6 wt.' Al. 1In
this regard, Paton et al (Reference 8) have studied the temp-
erature and alloy composition dependence of plastic flow in
Ti-Al single crystals. Their work indicates that the critical
resolved shear stresses (crss) for basal and prism slip modes
with a <1120> vector are equal above SOOOF. By contrast, the
crss for <c + a> vector slip is uniformly a factor of 5 higher
than that for <a> vector slip between 500°F and 1400°F. oOne
thus expects the extensive deformation associated with a rolling
mill campaign involving alpha Ti to be controlled by <a> vector
slip. Elementary textbooks generally describe glip controlled
deformation texture cvolution in terms of rotation of the active
slip plane into an orientation normal to the axis of rolling
compression with the active slip direction parallel to the

rolling tensile axis (or rolling direction). Based on the above
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one would predict that extensive unidirectional rolling of

~an a + 8 T1 alloy such as 6A1-4V Ti below 1500°F shouid produce

basal pole texture wherein the <0001> vectvors are uniformly
distributed along a great circle connecting the short transverse

and width directions of the rolled product.

Support for the above texture development model can be found

in the works of Harrigan et al (Reference 4) and Fitzpatrick

and Crossley (Reference 1). In both works, extensive unidir-
ectional rolling of 6A1-4V Ti sheet at 13000F from previously
isotropic billets resulted in a preferred orientation of basal
poles distributed along the great circle connecting the thick-
ness and width directions of the sheet product. Fitzpatrick and
Crossley (Reference 1) demonstrated this same pole figure was
also obtainable on the unidirectional rolling 3f 7A1-2.5Mo Ti

sheet in the temperature range.

In order to obtain the perfect biaxial strengthening texture
shown in Figure 1l(a), Fitzpatrick and Crossley (Reference 1)

and Fredericks (Reference 3) extensively cross-rolled their

6A1-4V T1 sheet and plate products in the temperature range
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 phase ( = = = 1/5 x 1 Reference 8) forces

1000°F - 1500°F. By continually changing rolling direction

between reduction passes, the slip anisotropy of the hexagonal

basal prism <c+a> e

crss CIrss cCrss,

rotation of all basal poles previously in the rolling plane to

a direction parallel to the products thickness direction in order
to provide the metal with continued deformation capability as
opposed to cracking. This latter observation provides yet
another bit of evidence attesting to the validity of the "alpha

phase slip andistropy'" model for Figure 1(a) texture development.

Figure 1(b) presents an ideal basal transverse pole figure. In
contrast with our relatively :igh level of understanding of the
production methods required to generate the Figure 1(a) texture,
no general agreement exists as to the mechanism by which this
textural type evolves. Nor has any investigator begun his
rolling campaign with billet whose crystallographic texture

was demonstrated to be random initially and generated a strong
basal transverse texture from scratch, as 1t were. Two investi-
gators, Fredericks (Reference 3) and Zarkades and Larson
References 6 and 7), have propose¢d models to account for this

textural type often found in commercially rolled a + 8 Ti alloy

and plate.
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Fredericks hypothesized that the basal transverse alpha phase

~¥e - teotexture Tesults from a strain controlled beta to alpha tramns-~

E L
'

formation. Specifically, he points out that if one transforms

AR 18

the conventional bec coldwork texture, (100) DJO], via the
Burgers relation with the additional constrant that the only
permissible alpha variant formed is that which introduces

transformation strains compatible with the ongoing rolling

5 deformation (i.e., a large tensile strain in the rolling dir-

ection, a large compression strain in the thickness direction

g 1%

and a very small tensile strain in the width direction), his

result 1is an alpha phase product with a basal transverse texture.

? Consequently, he argues that this texture will most readily

. form when 50% or more of the metal volume 1s bet (i.e.. roll

near the beta transus in a + B alloys). Zarkades and Larson

: : (Reference 6) also recommend rolling near but below the beta

st e o

3
2
transus in order to obtain our desired basal transverse texture,. ,%
=
%

However, their concept of the manner in which this texture is

formed 1is quite different than that of Fredericks. The latter

V™ YT WL g ™ o

authors postulate the texture forms as a result of increased

{1122} twinning which these authors theorize occurs preferentially

T Tp——

* in the alpha phase when at least 257% of the overall microstructural

volume is8 occupied by the beta phase (see Figure 2).

o AR e

i L,

iy Aot

-
s .
e




"

%

|

s

L ey

T e

T e

amA

T 1

$N - Yo
§ ~35°

Eou}(u!o)‘_ {n2i,

Figure 2: Rotations of thez (0001) pole due to various
twin and slip modes(taken from Reference 6).

It thus appears that one should be able to control the basal
deformation texture of o + 8 Ti alloys by simply controlling
rolling temperature and extent ¢f cross-rolling. That is to

say extensive unidirectional rolling at temperatures near the
beta transus should produce a strong basal transverse texture.
Recall that similar rolling campaigns begun below 1500°F have
been shown to defocus the basal pole concentration along a great

circle connecting the width and thickness directions oi the product.

A third category of deformation induced basal pole distribution
in rolled plate 1is random. Commercial mill rolled plate pro-
duct 1s more often than not produced with a random arrvay

of basal poles (i.e., mechanical property 1isotropy exists

in three orthogonal directions.) However, no published

manufacturing methods describe how this textural mode can be
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generated nor are there any analyvtical models in existence

which predict the conditions required to generate a well

" “worked fine grain o« + B equiaxed microstructure in isotropic T

rolled sheet and plate products.

One objective of the current work is to determine the plate
rolling campaign parameters required to produce basal trans-
vergse texture having begun with a plate billet whose basal pole
distribution is8 known to be random. Once these parameters are
defined experimentally, one should be able to distinguish between
the Fredericks and Zarkades and Larson hypotheses for its genera-
tion. Another objective 1is to define the rolling parameters
required to produce equiaxed, mechanically isotropic plate.

Three distinect o« + B Ti alloy compositions will be employed in
this study to examine the generality of our texture generation

findings. These are:

- 6A1-4V Ti ELI Grade
- 6A1-4V T1 Standard Grade

- 6A1-2Sn-4Z1-6Mo Ti
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EXPERIMENTAL PROCEDURE

'Melting and forging descriptions for all three alloys, employed
in this work are given in Tables I - III, Alloy chemistries

and beta transi can also be found for all three in these Tables.
All heats were unidirectionally forged to cross sections of
approximately 6" x 4%". A majority of the forging deformation

was carried out below the beta transi of the respective alloys.

All rolling campaigns in this work involved unidirectional working
of the individual 4%" thick billet stock to %" thickness (i.e., =
947 reduction 1in thickness). The rolling mill employed in this
work was of the two high variety. 1Its roll diameter was 12" and
its face width was 16". It was driven by a 75 h.p. motor and was
capable of a maximum speed of 100 linear ft/minute. Its maximum

opening was 5" and its maximum width was 10",

Prior to roiLling, the billets were heated in a laboratory furnace
located adjacent to the mill to minimize heat losses associated
with transfer of the work pieces from the furnace to the mill.
The laboratory furnace temperature was controlled to +10°F and
the metal was normally soaked in the furnace for at least 1 hour

prior to rolling in order to assure its temperature uniformity.
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TABLE 1 - e
Ti-6A1-4V_EL1 MATERIAL i
: ~ 1
3 Supplier: Crucible Steel Corporation 35
Heat No: R51645 ke
[E]
¥ Ingot Description: 29" diameter x 39.7" long, 4060 1lbs. %
: Double consumable arc melted. B
P Chemistry: é
Al v 0, C N Fe H £
Adm 5.9t0.3 4.0¢0.5 0.10%0.02 - - - -
Actual 6.0 3.8 0.095 0.013 0.01 0.05 0.0027 ¥
f : ¥
0 , Beta Transus: 1760°F =
: Process Sequence: +
B 1
£ 1. Straight out forge from 29" diameter to 15" square j
o by length, one reheat at 19" rcund. 'j
§ 2. Straight out forge from 15" square to 12" x 10" x ?
: length bloom at 2050°F. 3
3 1
b 3. Straight out forge to 8" square x length at 2050°F. e
E
E .
b 4 Straight out forge to 6" x 4%" x length. Forged in K
;P ! the 1500°F - 1700°F range.
. .
E : 5. Conditioned all over. Sonic test. B
£ E
4
=

-10-
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TABLE II

Ti-6A1-4V STANDARD GRADE MATERIAL

Supplier: International Titanium Corporation é
4
Melter: Ti Tech International, Inc. 3
=5
Heat No.: A-290 =

Ingot Description: 24" diameter x 118" long, 8700 1lbs.
Double comsumable vacuum arc melted.

i o it

Chemistry: E

Al v 0, c N Fe H 3
Aim 5.920.3 4.0%0.5 0.17£0.02 - - - - b
Actual  5.94 3.83 0.162 0.030 0.012 0.17 0.0044 :

bl

Beta Transus: 1830°F

Process Sequence:

1. Straighkt draw out forge from 24" round to 17" square
at 2000°F.

2. Straight out fecrge to 10" square at 1850°F. %

3. Straight out forge to 6" square at 1750°%F . *

4. Straight out forge to 6 1/8" x 4 3/8" x length
at 1750°F*

5. Condition all over. Sonic test.

*Reheat at 1450°F.

W,

-11-




" TABLE III

Ti-6A1-2Sn-4Zr-6Mo MATERIAL

Supplier: Oregon Metallurgical Corporation

Heat No.: 784-004

Ingot Description: 24" diameter x 50" long, 3690 1bs. =
Double consumable vacuum arc melted.

Chemistry:
Al Sn r Mo 02 Z
Aim 5.9+0.3 2.0+0.2 4.0%*0.4 6.0t0.5 0.10%.02
Actual 5.75 2.07 4.16 6.2 0.127
C N Fe H
Alm - - - -
Actual 0.030 0.008 0.06 0.0068
Beta Transus: 1735°F

; Process Sequence:

1. Upset forge from 24" diameter x 5" long to 31" diameter
x 30" length at 2050°F.

2. Straight draw out forge to 25" square at 2050°F.

3. Straight out cog to 20" square at 1650°F. #

4. Beta anneal at 1850°F.

é S. Straight out cog to 9%" round at 1560°F.:

6. Straight out forge to 6 1/8" x & 1/2" x iength at 1650°Fx

7. Condition all over. Sonic test.

*Reheat when metal wouldn't hone ( ~ 14000F)

i -12-
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Slab temperature following individual passes during a given
rolling campaign were determined rapidly with a Ray-0-Tube

device. Tempil sticks were used to confirm the Ray-0-Tube

-:-determinations at the completion of each rolling schedule.

Individual pieces of the various rolled products were subjected
to various post rolling thermal practices. These heat treatments

are catalogued in Table IV.

The degree and type of texture obtained with the thermomechanical
treatment (TMT) schedules employed in this work was determined

in terms of both Young's Modulus anisotropy and X-Ray pole figures.
Young's Modulus in a given direction was measured dynamically by
pinning a %" diameter 4" long bar at the center of its length

and measuring the frequency required to resonate the bar at its
fundamental frequency. The frequency of the configuration's first
and second overtones were also established in order to assure

that the fundamental resonance measurement was proper. Young's
Modulus can be calculated with these data and the use of

equation (1):
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POST ROLLING HEAT TREATM

TABLE 1V

Alloy

6AY-4V Ti
ELI CGrade

6A1-4V Ti
Standard Crade

6A1-2Sn-42r-
6Mo Ti

Designation

"“"Mill Annealed"

"Recrystallized"

"Beta Annealed"

“"Duplex Annealed"”

"Recrystallized"

"Mill Annealed"

"Recrystallized”

-14-

ENT SCHEDULE

Heat Treatment

1350°F/1 hour + gurnace cool
at less than 100 F/hour

1710°F/4 hours + furnace
cool at less than 100 F/hour
to room temperature

1710°F/4 hours + 1900“F/10
minuses + 1710 F/1 hour +
1400 F/air cool

1710°F/& hours +ofurnace cool
at lgss than 100 F/hour to
1400°F/1 hour + air cool

1780°F/4 hours +ofurnace conol
at less than 100 F/hour tno
room temperature

1200°F/1 hour + air cool

1700°F/8 hogrs + furnace
cool + 1200 °F/1 hour +
air cool

.
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E = 4ov2 1? (1)
r
N Where E = Young's Modulus
vV, = fundamental mode resonant frequency

1l = length of bar
p = density of metal

0.160 1bs/in- for
0.169 lbsiin3 for

The X-Ray pole figures were obtained from
ploying a modification of the Kula-Lopata

in Reference 9.

-15-

6A1-4V Ti
6Al-2Sn~42r-6Mo Ti1

the Boeing Co. em-

technique as described
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RESULTS

In this section, we shall present detailed accounts of
the methods and procedures required to generate elither a
basal transverse texture or a random array of basal poles

in each alloy. To characterize the impact that forging

practice has on texture development, basal pole figures were
assegssed upon completion of the forging procedures described

in Tables I - II1I. Samples were taken from both the surface

and center of each 4%" thick tillet. Results for 6A1-4V Ti
and 6A1-2Sn-4Zr-6Mo Ti samples taken from the surface position
are shown in Figures 3 and 4. As one can note, both billets

exhibit virtually a random array of basal poles despite a

significant amount of unidirectional forging in the o + B8
field. Beta transi determinations for 6A1-4V Ti ELI Grade
and 6A1-25n-4Zr~6Mo Ti are shown in Figure 5. To simplify
the presentation of our findings, let us review rolling :
induced texture generation in each of the three distinct alloy

compositions separately. It should be noied that rolling de- %

formation was unidirectional throughout the work.

6A1-4V Ti ELI Grade

Nine types of thermomechanical treatment procedures were applied

to 4%" thick billet stock in order to convert the billet to

-16-
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Basal Pole Figure for 44’ thick Basal Pole Figure for 4!y thick

6A1-4V Ti Forge Billet—Sample 6A1--25n-4Zr-6Mo Ti Forge Billet-
: Taken From Surface Location. Sample Taken from Surface

; Location.
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1/4" thick plate. Table V descr.bes each of these pro-
cedures in some detail. As one can note from Table V, three
digstinct types of rolling campaign were conducted here.
Methods 1 and 2 involved reducing the metal's thickness
isothermally (i.e., the workplece was reheated after each
reduction pass). Methods 3 - 5 involved reheating the work-
Plece several times during the operation as detailed in the
Table. Methods 6 - 9 involved continuous thickness reduction
on a reversing mill without intermediate reheats. Details

of the deformation%/instantaneous slab temperatura/elapsed
time during rolling relation for Methods 6 and 7 are given

in Figure 6. Also shown 1in this Figure is the equilibrium
beta transus temperature for this alloy composition determined

from Figure 5.

Preferred orientations of basal and prism poles following the
thermomechanical processing described in Table V were assessed

by two independent methods. Basal and prism pole figure quadrants
were determined employing an X-Ray diffraction technique.
Additionally Young's modull were assessed for the rolling

and width directions of all products. The moduli measurements
relate to preferred orientation, in that the elastic properties

of the alpha phase are anisotropic (see Figure 7).
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In Table VI, we present data describing the variation in Young's
modulus anisotropy with thermomechanical processing. In Figures

8 - 14, we present basal and prism pole figure quadrants developed

for metal processed via Methods 1, 2, 5, 6, and 7 respectively.

Examination of the elastic modulus data (Table VI) and the basal/
prism pole figures (Figures 8 - 11) associated with Methods 1 and

2 indicate that extensive isothermal rolling just below the alloy's
beta transus produces a very weak basal transverse texture when

the metal is subsequently mill annealed (heat treatment details are
given in Table IV) as in Method 1. This basal pole preferred or-
ientation can be further randomized to the point where the metal

is virtually 1isotropic by simply exposing the metal to its initial
rolling temperature (1710°F) for an additional four hours (see
Method 2). The latter observation can be seen either from the
X-Ray pole figures referred to above or the elastic modulus

anisotropy shown in Table VI.

I1f one permits the workplece temperature to decline from BT +
40°F to the vicinity of 1500°F while the metal is rapldly reduced
in thickness (607% reduction in 75 seconds) prior to reheating to

B, - SOOF, the width direction of the metal develops a significant

T

concentration of basal poles. This texture development assertion

-23-
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TABLE VI

g VARIATION IN YOUNG'S MODULUS ANISOTROPY
é WITH THERMOMECHANICAL PROCESSING
4 6A1~4V T4 ELI “RADE
] Method* I':Roll Direction EWid_th Directi{on AEH-R
S (x 10%ps1) - L S “f psi) L X 10%ps1)
] 1 16.50 . Le.70 2.,
3 2 17.35 . 1g.25. 0.8
3 15.25 ' 19.06 3,45
4 15.96 19.20 ' 5. 28
3 5 15.96 L 32 3.76
] 6 15.20 '19.50 . %.30
i 15.75 72,18 - 4,43
- 8 17.25 1,65 -0.55
E 9 15.45 20.2>5 4.80
3 10 15.55 19.65 4.10
L
c i
f *For tlhermomechanical process history, please see Table V
G: E
2 :
| :
.E H
¢
-
=
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Prism Pole Figure

Figure 8: Material-6A1-4V Ti W.D. Figure 9: Material-6A1-4V Ti W.0.
ELI Grade EL| Grade
TMT Process Method:1 TMT Process Method:1
R.D

:mx\ Basal Pole Figure

Figure 10: Material—-6A1-4V Ti Figure 11: Material-6A1~4V Ti
EL! Grade ELI Grade
TMT Process Method:2 TMT Proress Method:2
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can be seen in terms of the Young's modulus anisotropy shown

for Methods 3 and 4 in Table VI. The basal transverse texture
can be intensified if one ouly reheats the metal once as opposed
to several times. For example, compare elastic modulus anilso-
tropy results shown in Table VI for Methods 3 and 4 versus

Method 5. The basal pole figure associated with Method 5 metal

is shown in Figure 12,

Based on the results obtained in Method 5 where the number of
reheats was reduced to one, it was decided to process an 1800°F
metal billet from 4 %" in thickness to %" thickness without
reheating. The results of this work are shown as Methods 6 - 10
in terms of elastic constants in Table VI and in terms of basal
pole figures in Figures 13 and 14. To gauge the inpact of el-
iminating the single reheat during the texture rolling campaign
one should compare the results for Methods 5 and 6 wherein the
metal is placed in a common heat treat condition after rolling.
Basal pole figures for the two Methods (compare Figures 12 and 13)
are virtually identical as are the width direction Young's modult,
Recrystallizing the strongly textured Method 6 metal causes the
basal transverse texture to become even more intense. Compare the
results for Method 7 metal with that of Method 6 (for comparable
basa. pole figures, see Figures 13 and 1l4; for comparable E

WIDTH

DIRECTION values, see Table VI).

-26-
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Figure 12: Material-8A1-4V Ti
ELI Grade
TMT Process Method:5

Figure 13: Material-6A1-4V Ti

EL| Grade
TMT Process Method:6

8X
Ao

W.0.

Figure 14: Material-6A1-4V Ti ELI Grade
TMT Process Method:7
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In order to ascertain how reproducibly Method 7 would generate
an intense basal transverse texture, three independent 4%" thick
_billets of metal were rolled tov %" thick plate employing this

method on three separate occasions. The results of this study

i

are given in Table VII in terms of Young's Modulus anisotropy.

TABLE VII
ON THE RELIABILITY OF METHOD
7 TO PRODUCE A STRONG BASAL
TRANSVERSE TEXTURE

Method E E AE

Rol%ing Width W-R

(x10 psi) (x 106psi) -
7(original) 15.75 20.18 4.43
7(a) 15.65 20.25 4.60 E
7(b) 15.62 20.11 4.49 -

; In addition to studying the relationship between rolling practice
and basal pole texture development, we have also studied the
response of the strong basal pole transverse texture generated
by thermal cascade rolling (see Table V) to post rolling

thermal practice. Results obtained in this effort are sum-

marized Zn Table VIII 1n terms of elastic modulus anisotropy.

- .
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TABLE VIII
THE EFFECT OF POST ROLLING
THERMAL PRACTICE ON BASAL
TRANSVERSE TEXTURE INTENSITY
6A1-4V Ti ELI Grade

Method Heat Treatment ERoll EWidth AEW-R
(x106psi) (x106psi) (x106psi)

6 Mill Anneal%* 15.20 19.50 4.130

7 Recrystallization* 15.75 20.18 4.43

8 Beta Anneal* 17.25 16.65 -0.55

9 Duplgx Anneal%* 15.45 20.25 4.80

10 1710 F/4 hr. + 15.55 19.65 4.10

air cool to 70°F

*as defined in Table IV

Employing the magnitude of the width direction modulus as an
arbiter of basal pole intensity in that direction, one can con-
clude, as noted earlier, that recrystallizing a strongly basal
transverse product below its beta transus and cooling the product
slowly from its recrystallization temperature intensifies the

preference of basal poles in the width direction (compare Methods

6 and 7). Standard optical metallography was employed to ascertain

that the warm worked structure present in the Method 6 metal re-
crystallized during the 1710°F/4 hour treatment applied to Method
material, Once intensified by subtransus recrystallization, the
metal can be subsequently processed at lower temperatures and

cooled rapidly in air without adversely affecting the texture

_29_
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of the product. These results are marked contrast with our

earlier report that recrystallization of weakly textured metal

.~tended to randomize the distribution of basal poles (review

results in Table VI for Methods 1 and 2). Cooling the metal
rapidly in air from its subtransus recrystallization temperature
produced a small dimunition in transverse basal pole population
(compare results for Methods 7 and 10). Once the metal was heated
over its beta transus, all semblance of the deformation induced
basal transverse texture was lost (coupae results for Methods

7 and 8).

6A1~-4V Ti - Standard Grade

The role played by oxygen content ir basal transverse texture
generation was assessed by subjecting a 4%" thick billect of

this oxygen richer alloy to a thevmomechanical process scheme
similar to Method 2 (detailed in Table V) for the ELI Grade of
this alloy. Comparison of actval alloy chemistries listed in
Tables I and II demonstrate that the only significant difference
between the two heats of metal is the 72% higher oxygen level

in the Standard Grade metal. The only significant changes
between Method 7 and the thermomechanical practice applied to
the Standard Grade of the alloy (hereafter known as Method 11)
were to increase the workpiece temperature prior to rolling to
1855°F (BT + ZSOF) and increase 1its post rolling recrystallization

temperature to 1780°F (BT - SOOF). In Figure 15, we summarize

_30_
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B

the Method 11 practice. If one compares Figures 15 and 6 on the

basis of beta transi equivaleuace, he recognizes that both oxygen
grades of this alloy were given idantical thermomechanical pro-
cessing procedures, Texture development upon application of
Method 11 was assessed via elastic counstant anigsotropy (Table IX)

and X-Ray basal pole figure determination (Figure 16). Examination

TABLE IX
EFFEZi OF THERMOMECHANICAL
PROCESSING ON THE ELASTIC CONSTANT
ANISOTROEY OF 6A1-4V Ti STANDARD GRADE

Method ERolling Euigen AEw—g
(x10 psi) (x10 psi) (x10 psi)
11 16.00 21.20 5.20
11(a)* 16.05 20.65 4.60

*Same as 11 but produced on a separate oOccasion.

of the data in Table IX and Figure 16 indicates that Method 11

will consistently produce a very strong basal transverse texture in
6A1-4V Ti Standard Grade. Comparison of the basal pole figure for
the higher oxygen grade (Figure 16) with its lower oxygen counterpart
(Figure 14) shows the two figures to be qualitatively similar.

However, the specific basal pole intensity in the width direction

-31-
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Figure 16: Material-6A1-4V Ti
Standard Grade
TMT Method 11
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--=~-—Grade. Another cignificant effect of raising the oxygen content

in Figure 16 is larger than that observed in Figure 14, Cor-

respondingly AEW—R in Table IX for the higher oxygen metal on

the average exceeds that reported in Table VII for the ELI

of 6A1-4V T1 however is to increase the overall stiffness of the

alloy by approximately 0.4 x lO6 prsi in an isotropic sense. For

example, compare Tables VII and IX with respect to E as well

Roll

as Eviden”

6A1-2Sn-4Z2r-6Mo Ti

Six types of thermomechanical treatment procedures were applied to
4%" thick billet stock in order to convert it to %" thick plate.
Table X describes each of these procedures in some detail. Here
again, as was previously done with 6A1-4V Ti ELI Grade, we ex-
amined the texture induced in 6A1-2Sn~-4Zr-6Moc Ti plate rolled in
one of three ways, isothermally just below the alloy's beta transus
as well as thermal cascade with or without intermediate re-
heating. It should be noted that a significant difference in roll
force requirements exists between the 6A1-4V Ti alloy and {its
0A1-28Sn~4Zr-6Mo T1i counterpart when similar billet geometries are
worked rapidly and allowed to cool from temperatures within 25°F of

the alloys' respective beta transi employing similar reductions pe:

pass. On initial billet breakdown in the rolling mill under these
conditions, the rolling force required to deform the 6A1-2Sn-4Zr- E
6Mo T1i alloy rapildly 1s considerably higher thanm that required for

6A1-4V T1. This difference was considerable enough that it

-34- ]
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constriined our choices of rolling camraign parameters

noted below.

This constrai .t was dictated because our work

was performed entirely on a laboratory mill of limited cap-

~“-acity which was described in an earlier section of this paper.

Normally production mills have a much larger roll force capa-

city per linear inch of billet width so that this dif‘erence is

not expected to be a major problem in a manufacturing sense.

The basal pole preferred orientations introduced by these six

Methods detailed in Table X are expressed in terms of elastic

modulus anisotropy in Table XI and shown as basal pole figures

in Figures 17

Method

12
13

14

15

: 16
t 17

transus (i.e.,

- 20. As one can observe from Table XI, extensive

TABLE XI
RELATION BETWEEN ELASTIC
CONSTANT ANISOTROPY AND

THERMOMECHANICAL PROCESSING
6A1-285n-4Z2r-6Mo Ti

ERolling Ewiden bFy-r
16.90 17.90 1.0
16.75 18.05 1.3
16.10 18.48 2.4
16.60 18.10 1.5
15.81 19.04 3.23
15.50 18.32 2.80

[o]

isothermal roll processing just below the alloy's 1735 F beta

reheating after each pass) produces a product that

is nearly isotropic (see Method 12). This relative “‘sotropy

-36-
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is unaffected by additional post rolling exposure at 1710°F

(compare Methods 12 and 13 results in Table XI).

Ignoring Method 15 momentarily, let us consider results obtained
with materials subjected to various types of thermal cascade
rolling (i.e., those with and without intermediate reheats) com-
bined with recrystallizing the product prior to making a textural
observation, that is to say, Methods 14, 16 and 17 metal. Of
these three the most highly basal transverse textured product

by far is Method 16 according to both the elastic anisotropy

data in Table XI and the basal pole figures in Figures 17, 19 and
20. Another interesting point to note 1s that Method 16 was
initially heated to 1760°F (sT + 25°F) prior to roiling whereas
the initial rolling temperatures for Methods 14 and 17 was 1850°F
(BT + llSoF). It is interesting to observe that Method 17 was
rolled from 1850°F without any reheat 1in about the same time
interval as was employed earlier in developing the strongest
basal transverse textures found for 6A1-4V Ti. Yet this Method
was not nearly as effective in concentrating a large number of
basal poles in the width direction of the plate as was Method 16
which involved an intermediate reheat above the beta transus of

the alloy (compare the magnitude of E for the two Methods

Width

or Figures 19 and 20). 1In fact, reviewing the processing given

~37-
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Figure 17: Material-6A1-2Sn—4Zr—6No i Figure 18: Material 6A1-2Sn-4Zr-6Mo Ti ;
TMT Method — 14 TMT Method - 15 3

1X\1.5X

.D.

™ 0.5X 1)(%(\“
’l.sx '3
— D) 1X

0.5X J
]
1.5
0.5X
E l?

Figure 19: Material-6A1-28n-4Z1-6Mo Ti
TMT Methed — 16

W.D.

Figure 20: Material-6A1-2Sn-AZr—6Mo Ti
TMT Method -17
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for Method 16 in Table XI, it 1is entirely reasonable to conclude
that the first 38% reduction in area adcomplished licttle towards

establishing the final strong basal transverse texture one now

“observes in this metal as the metal was reheated 250°F to 25°F

above the beta transus after this reduction was accomplished and
held there for 15 minutes prior to reinitiating rolling reduction.
A majority of this initial 38% rolling reduction probably took
place between 1500°F and 1600°F because logistical difficulties
involved with forcing the metal into the rolling mill occurred
during the 120 seconds it took to accomplish 3 passes for 35%
reduction. A detailed report of the second phase of thermomech-
anical processing experienced during Method 16 where the metal was
reduced another 90% in thickness 1s given in Figure 21. Summariz-
ing our findings with respect to Methods 14, 16 and 17, one con-
cludes that obtaining a strong basal transverse texture not only
requires thermal cascade rolling (or rapid rolling reduction
without intermediate reheats to the vicinity of ST or above) but
also requires that one begin his reduction with the metal heated
to BT + 25°F (if one begins too far below the beta transus with
unjdirectional rolling, he runs the risk of scattering basal poles
along the great clrcle connecting the width'and short transverse

direcions).

In addition to examining the basal transverse texture of Method

16 metal after recrystallizing the rolled plate, the results

-39~
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"of this rolling process were also assessed with respect to

elastic constant anisotropy when the metal was still in

~virtually its "as rolled” condition (1.e., Method 15). The L

surprising result seen in Table X1 is8 that the rolling pro-
cedure by 1itself resulted in a very small elastic anisotropy

with the EWidth for Method 15 being hardly greater than that

observed in Method 13 wherein the recrystallized metal was
virtually isotropic. Recrystallizing Method 15 metal to form
Method 16 metal led to an extremely large concentration of basal
poles in the width direction relatively speaking (EWidth for

6

Method 16 exceeds E for Method 15 by ~1.0 x 10 psi). Thus

Width
at least in the case of 6A1-2Sn-4Zr-6Mo Ti it 1s not only necessary

to properly roll the metal in a thermal cascade manner beginning
wirhin 25°F of g, but one must recrystallize the final rolled
product if he desires the alpha phase fraction of the metal to

exhibit a stong basal transverse texture.

In order to test the reproducibility of the basal transverse
texture induced by Method 16, the eniire Method was practiced
on 4" thick billet stock on two separate occasions. The results

obtained here are given in Table XII.
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TABLE XI1I
ON THE REPRODUCIBILITY OF
METHOD 16 FOR BASAL

TRANSVERSE TEXTURE GENERATION

Method E E AE L

Rolling Transverse W-R

(x10%psi) (x10%ps1) (x106psi)
16 15.81 19.04 3.23
16(a)* 16.02 18.95 2.93

*Repeat of Methnd 16 on a separate occasion.




DISCUSSION

The experimental phase of this work has established the

reproducibility and efficacy of the following TMT procedures:

(1) Production of isotropic a + B Ti alloy products with
equiaxed microstructures requires isothermal rolling just
below the alloy's beta transus followed by completion of the
recrystallization process at the same temperature.

(2) Employ unidirectional thérmal cascade rolling (initiated
at a temperature within 25°F of ke alloy's transus) to reduce

the product's thickness by 907 and temperature by 500°F - 600°F

in less than two minutes and generate a basal transverse
texture.
(3) Subsequent recrystallization of such th2rmally cascade
rolled metal intensifies the deformation induced basal trans-
verse texture. The extent of this intensification is a function
of alloy chemistry as well as deformation practice.
(4) Beta anneaiing of basal transverse textured products
{ results in the total annihilation of the basal tranmnsverse
; texture.
(5) Unidirectional thermal cascade rolling results in a basal
transverse texture of greater intensity with increasing oxygen

content in the 6A1-4V Ti composition.

-413-
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Cne objective of our discussion will be to compare the

__._observations summarized above with the various models for

o Ti texture generation reviewed in the Introduction to this

- work. Secondly, all of these current laboratory observations

will be combined with the experimental texture development
results of earlier investigators in an attempt to provide a
single unified picture for the various preferred basal pole
orientations that develop in the alpha phase as a function of

thermomechanical process techniques.

The two principal models for basal transverse texture generation
reviewed earlier (References 3, 6, and 7) emphasize the im
portance of prolonged high temperature rolling in order to
maintain a large beta phase volume fraction during the entire
texture rolling campaign. Based on the experimental results
quoted above, 1t would appear at first that these earlier

bagsal transverse texture generation models are not appropriate
here. Recall the equilibrium beta volume fraction for both
6A1-4V T1 and 6A1-2Sn-4Zr-6Mo T1 exceeded 50%Z in Methods 1, 2,
12 and 13 where the two alloy compositions were unidirectionally
worked isothermally at BT - SOOF (See Figure 15). The results
¢f this thermomechanical processing mode were equiaxed isotropic
products exhibiting random arrays of basal poles. The difficulty
with these earlier models (References 3, 6, and 7) is that they
ignore the possibility that the product worked continuously

at just under the beta transus will continuously recrystallize

-44-
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leaving the basal pole distribution randomized. Additional
B - evidence to support this ascertion can be seen in Table VI
(compare results of Methods 1 and 2) and Figures 8 and 10 in

the case of 6A1-4V Ti. Here we note that low intensity basal

transverse textures are not particularly stable when the product

is simply held at just below the beta transus for any appreciable

time after the rolling operation is complete. Similar data com-

e sl AR B

parisons exist for 6A1-2Sn-4Zr-6Mo Ti in Table XI (see results
from Methods 12 and 13). Metallographic examination of both the

6A1-4V Ti and 6A1-2Sn-4Zr-6Mo Ti plate products rolled isothermally,

moreover, showed both to be nearly recrystallized as they exited

from the hot rolls at the %" thickness level. Thus, it is highly

likely that premature recrystallization as the product is heavily
worked just below the beta transus prevents intense textural de-~

velopment. Additional recrystallization turther degrades the

I
” I
ks el v il kLl i AL i A

textural intensity of the metal and the overall thermomerhanical

scheme is a convenient means of producing virtually isotropic

metal.

PN —

Having concluded rhat continuous recrystallization during isothermal
hot working (just below the beta transus) probably is responsible
¢ for Lack of a strong texture in products generated by Methods ]

; and 2 and 12 and 13, one must now postulate by what mechanism a
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to design a suitable production method. In searching for a

strong basal transverse texture may be generated in order

reasonable mechanism, it would be easiest.to simply modify
one of the existing hypotheses (i.e., References {3) and (6)).
0f the two, Frederick's proposal is the easier with which to
work. Actually, lhis basic mechanism of a strain controlled
trancformation of a (100) [110] b.c.c. texture to the basal
transverse texture may still be close to correct. In order

to appreciate how his approach can be modified to conform with
our current observations, let us briefly review his hypothesis.
He assumed that if one were to unidirectionally roll an a + 8

Ti alloy extensively at.a temperature where it was predominantly
beta, his result would be an (001) [110] b.c.c. texture as
shown in Figure 22. If one permits this b.c.c. textured product
to transform to its alpha counterpart on cooling via the well
known Burger's Relation, (110)4 |](0002), and <111>4|i<t1Z0>,
then each (110)8 plane shown in Figure 22 would be replaced by

a (0002) basal plane and the resultant @ phase product would be
virtually isotropic with regard to basal pole distribution.

However, as Frederick noted only one of the four possible basal

plane orientations produces a beta to alpha transformation strain

matrix which is compatible with the rolling strains generated

during the deformation operation (i.e., that labelled A or

Simple B asal Transverse in Figure 22). Assuming the £ to ©
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transformation occurs as the product continues to be rolled

and begins to cool, the only permissable basal plane orientation

?ié shown as A in Figure 22 or basal transverse. 1If the Frederick

hypothesis were strictly appropriate, the isothermally rolling
campaign for 6A1-4V Ti should have produced a strongly basal
transverse texXxture since the metal was cooled repeatedlv from
1700°F (50% Beta) to 1650°F (<25% Beta) during the rolling

process.

In order to eliminate recrystallization and randomization of

the b.c.¢c. phase prior to its being heavily enough deformed to
form a strong (100) {11@ texture, one must not only have a
large volume fraction of beta present during the relling op-
eration but also ovne must perform a majority of his deformation
in a temperature range where the sluggishness of the beta
recrystallization process does not permit this phenomenon to
‘nterfere with the buildup of a cold work texture in the b.c.c.
phase. Thermal cascade rolling accomplishes this by allowing
the product to cool so rapidly that a large volume fractisn of
metastable beta can be maintained while the metal is worked in
the temperature range 1500°F - 1600°F. It is in this temperature
range where a majority of the overall deformation imparted t-

the product is rapidly introduced (see Figures 15 and 16 in the

case of 6A1-4V T1 and Figure 21 in the case of 6A1-2Sn-42Zr-6Mo Ti.
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The metastable beta phase can, of course, lower the system's

free energy by simply transforming to any one of six hexagonal

. _...-alpha variants allowed by the Berger's Relation. If one manages .

to introduce sufficient cold work into the b.c.c. beta phase to
texture the phase prior to its transformation, then Frederick's
suggested removal of degenerac: from the Burger's Relation

(see Figure 22) in order to provide compatitility between the
transformation and rolling strains suggests an additional means

for further decreasing the free energy of the system. If all

the textured beta grains transform to alpha in a manner described
as Type A (simple Seta transverse), then the shape assumed by

the new alpha grain (longer in the rolling direction and thinner
than its beta parent) will be in keeping with the further release
of stored cold work in the old beta grain. It should also be
recognized the Type A crystallographic B+a transformation 1s

the only means by which this additional dimunition of free energy
is available assuming that the product's temperature is too low

to permit long range diffusion to drive a conventional recrystal-
1i.:ation process. In this regard Shibata and Ono have shown

that the equilibrium f+a transformation 1s of the Martensitic type
and is predictable from elastic strain energy considerations
(Reference 10). Thus one expects the kinetics of this transformation
to be considerably faster below say 1600°F in 6Al-4V Ti than

are the kinetics for conventional recrystallization. Therefore,
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the applicability of Frederick's suggestion is broadened in

the sense that once one cold works and textures the beta phase

by rolling, 1its transformation via aType A process (Figure 22)

18 ensured at any later date when the temperature of the product

is high enough to permit the transformation to¢ occur, even 1f
this occurs on a subsequent reheat of the product once the
rolling process is complete as opposed to its happening only

during the rolling operation itself.

The above texture model makes the following predictions. One
can assure that his unidirectionally rolled product will be
elastically isotropic (i.e., basal poles are randomivy distributed)
if he hot works the metal at high enough temperatures where the
beta phase recrystallizes in a conventional manner rather than
storing the applied deformation and becoming textured. 1n order
to generate a strong basal transverse texture in a previously
isotropic material, one must satisfy the following requirements:
(1) A large volume fraction of beta phase must be present
during the rolling operation itself,
(2) The beta phase must adopt a (110) <111> cold work texture
as opposed to conventionally recrystallizing during the
working operation,
(3) At some point in time, either during tne rolling operation
or during a later post rolling heat treatment, the beta phase
must be permjtted to transform to its hexagonal alpha counter-

part.
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.. _Once the basal transverse texture is formed, the metal on

continued rolling at all temperatures between 70°F and the two
phase alloy's beta transus is expected to deform almost ex-
clusively in a prism mode due to the geometric orientation of
this plane with respect to the product's rolling plane. Recall,
Paton et al's report of that mode and basal slip exhibiting the
lowest crss over the above noted temperature range (Reference 8)
in Ti-Al alpha phase alloys. Thus a strong basal transverse
texture is extremely stable when additional rolling deformation

18 accocmplished well below the beta transus.

As noted in the Introduction to the current effort, extensive
unidirectional rolling of previously isotropic 6A1-4V Ti products
at 1500°F and below results in a preferential spread of basal
poles along a great circle connecting the short transverse and
width directions of the product aad round or crossrolling under
the same conditions results in a perfect basal short transverse

of Figure 1(a) texture. The essentilal reason why these results
are possible on the one hand and cascade rolling from the alloy's
beta transus iato the 1500°F and below temperature regime can also
be applied to generate a basal transverse texture is the #nstant-
aneous difference in phasal volume fraction of the isotropic billet at

initiation of the »olling campaign. In the former situation the thermally
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équilibrated product i1s both isotropic and predominantly alpha

in phasal volume fraction (see Figure 5). In the latter, the

major phase volume fraction is more than likely metastable beta.
Moreover, additional unidirectional rolling deformation applied

to a strongly basal transverse textured product at 1500°F or below

is expected to enhance the basal transverse texture in part

through the residual beta phase texture rationale already presented.
A second source for textural enhancement relate to completing the
alighment of basal poles in the width direction associated with those
grains so aligned with respect to the perfect basal transverse
tesxture that the applied crss on basal planes for geometric reasons
i« well below the applied crss on prise planes (i.e., the basal planes
here are just not orlented properly for easy slip during rolling).
Proof of these assertions with respect to the effect of continued
deformation at temperatures below ISOOOF on the basal transverse
texture can be found both in the current work as well as in the work
of ¥Frederick (Reference 3) where he initiated a rolling campaign with
product he denoted as one quarter inch thick "Hot Band" 6Al-4V Til

As Frederick received this metal, it exhibited a strong basal trans-
verse texture. He continued to unidirectionally roll this metal iso-
thermally at a whole series of temperatures from 1600°F to 70°F. His

onlv result was that the basal transverse texture became more intense.

et
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One interesting result of our current effort is the finding that

post rolling subtransus recrystallization of the alloy compositions

studied actually caused strongly basal transverse textured
products to become even more intensely textured in the basal
transverse mode., Moreover, the effect cf post rolling re-
crystallization was much more effective in sharpening the basal
transverse texture of 6A1-2Sn-4Zr-6Mo Ti than its 6A1-4V ti
counterpart. In terms of basal pole intensity in the width dir-
ection of the former alloy composition, the texture in the

as rolled condition was more than doubled on recrystallizing

the rolled product as opposed to the much more modest textural
sharpening exhibited by the 6A1-4V Ti composition subjected to
the same post rolling thermal practice (compare results in

Table VIITI and XI). A probable rationale for this difference in
behavior involves the ability of each alloy composition to

retain an excessive volume fraction of metastable beta on rapid

cooling to room temperafture. 6A1l-~4V Ti is a moderately beta stab-
ilized two phase alloy and has little capacity for retaining excess
metastable beta phase at room temperature. By contrast Williams and
Rhodes (Private Communication, July, 1976) have studied the metal-
lography of 6A1=-2Sn-4Zr-6Mo Ti in some detail recently and report that

this more heavily beta stabilized alloy has a large capacity for re-

taining excessive amounts of metastable beta phase at 70°F 4f

-9 3-
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1t is air cooled from high in its o + B range (as occurs after
rolling). 1f one retalns any significant volume fraction of
cold work textured beta phase at room temperature, our basal
pole alpha texture measurements (in terms of elastic properties
of X-Ray pole figures) would report the solid to be less aniso-
tropic than it would be after the product was reheated to a
high enough temperature to allow the beta to transform to

alpha in the strain controlled mode described earlier. It 1is
expected that the transformation would occur zg the metal was
being heated to its subtransus recrystallization temperature.
Moreover, it would occur at a temperature significantly lower

than the tempevature for diffusion controlled recrystallization,

Recrystallization below the beta transus only served to enhance

the strong "as rolled" basal transverse texture in both alloys. In
Figure 5, we note that the equilibrfum beta phase volume frection ob-
tained during our 4-8 hour post rolling recrystallization heat treat-
ment was on the order of 50% for 6Al1-4V Ti and 80% for 6Al1-2Sn-4Zr~
éMo Ti. Thus, at first, one might expect that when these fully
annealed beta grains transform to alpha in the fully recrystallized
product on furnace cooling, they should be able to pick any one

of 6 normally equivalent variancs of hexagonal alpha at random

as their transformed orientation and thus randomize or destroy

the prior basal transverse texture. However, it 1is well known

that subtransus recryst. ll1ization of the alpha phase in such two
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phase alloys 'ias virtually no effect on grain shape or size,

the process simply significantly lowers the dislocation density

within the a grains themselves. So long as the grain shapes
remain constant as a ai;gifh 8 —31, o0 , a strong basal trans-

temperature cooling
verse texture is recaptured on cooling the product in order to

HMMMMMMWW

minimize the free energy of the system and not have neighboring

grains store excessive amounts of elastic strain energy. This

. additional elastic strain energy would be associated with neigh-

u
3
=

boring beta grains adopting different o variant orientations on

cooling chen they had on heating. If new o variant orientations

e

Y
et Ly et

did occur on cooling then grainm to grain shape changes would be

Ul

required (i.e., here again the B + a transformation strain matrix
forces the Burger's relation to function as if only one a variant

orientation were possible).
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1 Annealing recrystallized 6A1-4V Ti above the beta transus eliminated

. TR

the basal transverse texture as seen in Table VI. In this case,

it is well known that exceeding the beta transus by 150°F in 6Al1-

Wl el i L,

4V T1 as was done here permits excessive grain growth and extensive

grain shape changes to take place. Thus it 1is not surprising that

I
T 3 R NIRRT

this thermal treatment eliminates the basal transverse texture.

——
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Although no X-Ray pole figures were made during this work on the

beta annealed metal and our elastic modulus measurements were all

!
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in the rolling plane of the product, it should be pointed out
that the metal may not be without a significant basal pole
texture as a result of this treatment. For example, Frederick

(Reference 3) reports that 1f one heats a strongly basal trans-

verse textured 6Al-4V Ti product above its beta transus, his ,551
result is a basal texture of the '"split longitudinal" type.

Major basal pole concentrations are found at +25° from the short

transverse product direction. No crystallocgraphic mechanisms

to account for the formations of this annealing texture have yet

been proposed.

Finally let us consider the role played by alloy chemistry in
mandating the intensity of the basal transverse texture. Examina-

tion of Figures 6, 15 and 21 demonstrate that all three alloy

compositions were subject to similar cascade rolling processes
i assuming the beta transus temperature of each alloy is employed £ 
! ) as a common base. It is not surprising that the 6A1-2Sn-4Zr-6Mo Ti

alloy did not exhibit as intense a basal transverse texture after

cascade rolling as did the other two compositions. Firstly, the

former alloy 18 more heavily beta stabilizzd and thus 1is probably

not capable of attaining the ultimate basal tiansverse textural

{ intensity available in its lesser beta stabilized counterparts.

In the current effort, we employed Method 16 to obtain an EWidth = 3;

19.0 x 10°psi. In an earlier work, where the initial texture and rolling

v 3
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campaign schedule of the starting %" thick 6A1-2Sn-4Zr-6Mo Ti

plate were unknown, Harrigan et al (Reference 1ll) continued to
Viroll the %" thick plate isothermally at 1300°F to a thickness

of 0.060" (net thickuess reduction 88%) and reported E

19.5 x 106pai. They also measured the highest besal pole intensity

Width

in the width direction to be 30 times greater than random employing
an X-Ray technique identical to that used in this work. Thus,

if one were to modify Method 16 by eliminating the reheat above

the beta transus after the initial 34% reduction, one might : 7;

be able to obtain the earlier more highly textured result that

Harrigan et al reported.

One notes in Tables VI and IX (in terms of elastic anisotropy)
and Figures 14 and 16 (in terms of X-Ray pole figures) that in-
creasing the oxygen content of 6Al1-4V Ti ELI Grade by 78% has

H two effects on the textured metal one obtains by similar cas-
cade rolling procedures. Firstly, the bagal pole concentration
in the width direction is increased as a result of the addi-

tional oxygen as can be seen by comparing Figures 14 and 16.

This is a somewhat surprising result in that all the deformation

applied to create these textures was imparted at temperatures well
Y]

¢ above 500°F. The gsignificance of 500°F here is that it 18 gen-

erally well accepted that all effects of oxygen content on.the

-~
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mechanical behavior of a + B8 Ti alloys vanish above this test

temperature.

A second effect that increasing oxygen content has on 6Al-4V Ti
i8 non~textured related.

E of the higher oxygen grade material exceed their counter-

Width

parts in Table VII by at least 300,000 psi
a portion of the total increase in elastic
above referenced Tables is due to the fact
is simply a potent means of stiffening the
closed packed lattice as opposed to assuming further enhancement

of the basal transverse texture.

In Table 1X we see that both E and

Roll

to 400,000 psi. Thus,
moduli seen in the
that adding oxygen

basis hexagonal
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E CONCLUSIONS

Conditions for the production of either a basal transverse

3
X

testure or isotropic basal pole array in o + 8 Ti alloys

I

by

e i St e b e v

3 have been egtablished. The role of alloy chemistry was
ascertained by employing two oxygen grades of 6Al1-4V Ti 4in this
study as well as 6Al-28Sn-4Zr-6Mo Ti. The importance of beta

N phase recrystallization in promoting basal pole randomization

curing the rolling operation itself 1s described in detall.

Slip deformation processes are employed in concert with a know-

ledge of the B + a transformation strain matrix to model the

LI T

production of basal pole arrays that are either randa, basal

lo: g transverse or basal short transverse. It is shown that

Skl L, e s

these models are capable of not only accounting for texture

zeneration but also for basal transverse texture intensification

I LT i g

w
ol g

when the metal is recrystallized under subtransus conditions or

basal transverse texture annihilation on betaannealing. Slip

sk Iyl

mechanistic arguments and experimental verification are pre-

Ay

sented to elucidate the over-riding role played ty prior thermo-

mechanical billet/plate rolling process history in determining

o b o

the final crystallographic textures a given product will exhibit

0 s

even in the case where the starting material is additionally worked

to reduce i1ts thickness by another 907 under a wide variety of

conditions.
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PART II

ON THE MECHANICAL BEHAVIOR

OF BASAL TRANSVERSE TEXTURED

TITANIUM ALLOYS

It is well known that some metals can be strengthened by

texture hardening. Moreover, considerable experimental and
prototype production efforts have already been completed which
successfully demonstrated that alpha rich alloys such as 6A1-4V
Ti and 7A1-2.5 Mo Ti sheet can be texture hardened for biaxially
strengthened pressure vessel applications (References 1 and 2).
The specific crystallographic alpha phase texture required for
biaxial strenghthening is shown in Figure 1(a). Biaxial hardening
here is relatable to the facts that the elastic stiffness and
critical resolved shear stress for plastic flow of a single
crystals are considerably higher when loads are applied parallel
to <0001>a as compared to the situation where the loading
direction lies in the basal plane of these single zrystals (see

Figure 2 and Reference 3).

Another crystallographic alpha texture which sometimes occurs
accidentally during commercial production of a + R Ti alloys

wrought flat products is shown in Figure 1l(b). in this caseo,
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the ¢ axes or basal poles of cpe individual alpha grains are
preferredly oriented in the Long traunsverse direction of the
product (i.e., a basal transverse texture), Based on the 1in-
fwm= —=formation cited in Figure 2 and Reference 3, one expects the —== 7=
long transverse direction of such textured plate to be con-
siderably stiffer and stronger (in terms of static tensile
properties) than all other directions in the product. Indeed,
there 1s strong evidence to validate these expectations in the
cases of both static tension and compression properties associated
with basal transverse textured 6A1-4V Ti and 6A1-2Sn-4Zr-6Mo Ti
at room temperature (References 4-7). In contrast to these static
property improvements, in the long transverse direction of such

textured & + B Ti materials, Zarkades and Larson (Reference 6)

have reported a substantial decrease in fatigue crack initiation

resistance in pasal transverse textured 4A1-4V Ti (i.e. S-N
sample life in the long transverse direction was significantly

pocrey than in the longitudinal direction). =

Howvever, 4A1-4V Ti is not a common used alloy composition and
there is no reason tn believe apriori vhat the alpha crystal-
i lography assocliated loss of fatigue life observed in 1ts case
should also apply to such industry work horse compositions as ?;
6A1-4V T1i, The potential applications for basal transverse Ei

textured & + B T1 alloys are numerous and include all structural
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members where loads are principally umiaxial. Examples

%? of such aircraft structure embrace wing skins, spars, long-

?' erons, turbihe blad2s horizontal stabilizer planks, etc. Thus,
%ﬂ Goiiemss o aiosoathe objective of the current research is to fully characteraze
g the mechanical behavior of basal transverse textured versions

g

of three currently employed Ti alloy compositions: R R

e

- 6A1-4V T1i - ELI Grade

- 6A1-4V Ti -~ Standard Grade

- 6A1-2Sn-4Zr-6Mo Ti
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'EXPERIMENTAL PROCEDURE

Three distinct o + B Ti slloy chemistries were employed in
this work. Two of these were of the basic 6A1-4V Ti composition
differing only in their oxygen contents. The ELI version of this

alloy contained 0.095 wt% oxygen. The Standard Grade 6Al1-4V Ti

composition contained 0.162 wtZ oxygen. The wt7Z of all other

Y T

alloy constituents 1 both heats were identical. The third
alloy composition employed was 6A1-2Sn-4Zr-6Mo Ti. All mat-

erials used in this work were derived from production melting

vl

stock., They were thermomechanically processed Lo one quarter

gl

inch thick, six and one half inch wide plate stock. The metal

process scheres employed were all designed to produce a plate

e . gl e e 14

product which exhibited an intense basal transverse crystallo-

graphic texture. X-Ray diffraction basal pole figures for each

of the th ee alloy compositions are given in Figures 3 -« 5. au- i
other method for ex.ressing basal pole preferred orientation is E
elastic constant anisotropy. Young's moduli for all three alloy
products are given in Table I. Detailed accounts of the individual é
alloy chemistries thermomechanical proress schemes employed and T
experimental procedures to obtain the X-Ray pole figures and

Young's moduli can be found in Part I.
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Figure 3. Material~6A1-4V Ti EL| Grade
TMT Process Method:?
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TABLE I

BASAL TRANSVERSE TEXTURE DETERMINATIONS

VIA YOUNG'S MODULUS ANISOTROPY

—%
Alloy Composition Heat Treat Width ERolling W-R
ment 6 6 6
(x10 " psti) (x10 psi) (x10 psi)

6A1-4V Ti: ELI Crade Rex'l I 20.18 15.75 4,43
Rex'l I1 19.65 15.55 4.10
Duplex 20.25 15.45 4.80

6A1-4V Ti: Standard Rex'l 21.20 16.00 5.20

Grade
6Al-2Sn-4Zr-6Mo Ti Rex'l 19.04 15.81 3.23
n Ti Single Crystal Annealed 21.00 14.50 6.50
(E axis) (; axis)

*For details o¥ these treatments,

please see Table I1
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"= :="Table I1 details the heat treatments our various alloy

rompositions were subjected to prior to test. As one can

note, the ELI or low oxygen grade of 6Al-4V Ti was examined

{in three conditions and the other compositions in only one each.
The elastic moduli of the wvariously heat treated alloys are

given in Table 1I.

TABLE 11

POST ROLLING THERMAL PROCESS

SCHEDULES

Alloy Chemistry Heat Treat Heat Treatment#®*
Designation

6A1-4V Ti~ELI Grade Rex'l I 1710°F/4 hrs. + furnace
cool at lesgs than 100°F/
hour to 70°F.

Rex'l II 1710°g/4 hrs. + air cool
to 70°F -
Duplex 1710°F/4 hrs. + furnace E

coo) at lessothan 100°F/
hour to 1480 F/ 1 hr, + air
cool to 70°F,

6A1-4V Ti- Standard Rex'1 1780°F/4 hrs. + furnage
Grade cool at legs than 100 F/
hour to 70 F

6A1-2Sn-42Zr-6Mo T1 Rex'1 1700°F/8 hrs, + furnace
cool to 1200°F/1 hr. +
alr cool to 70 F.

*Microstructurally, all three materials have ~ 10 u grain size
and are fully recrystallized and equiaxed.
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Mechanical property measurements performed to evaluate these
basal transverse texture products included:

- - = monotonic stress:strain at room and elevated

temperature

- cyclic stress:strain at room and elevated

temperature

- 5~-N fatigue at Kt=l and Kt=4 at room temperature
in tension (R = 0.1)

- creep at elevated temperature only.

In all cases properties were obtained in two orthogonal directions
(longitudinal and long transverse). Adopting pseudo single crystal
nomenclature for these highly basal transverse products, these
orthogonal directions referred to above become <1010>a and <0001>a
respectively. Since all three alloy compositions have been pro-
cessed to possess a primary alpha volume fraction greater than

85%, the use of tne pseudo single crystal terminology is relevant

in describing the mechanical behavior of these two phase alloys.

All of the mechanical property data reported here was obtained
employing MTS Corporation '"closed loop" electro hydraulic equip-
ment. Stress:strain and creep measurements were made with round
bar dog-bone type samples (diameter - 0.160"). Monotonic stress:
straln measurements at room and elevated temperatures were ob-

tained in accordance with ASTM EB8-69 and E21-70 respectively.
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Creep measurements at elevated temperature followed the

dictates of ASTM E139-70 with the exception that the samples

T =i were incrementally loaded. " That is to say, the load was in- RN
creased to the next higher level at a given test temperature
after the creep rate reached its steady state valuer(a minimum
slope of € vs time was always attained within 100 hours and
that minimum rate always occurred after less than 1% creep
strain). All fatigue testing was conducted at room temperature
in accordance with ASTM E466-72T. Sample designs required for

K 's of 1 and 4 were produced in accordance with requisites of

t

Peterson (Reference 8).

A11 elevated temperature tests were performed in air except
several creep experiments which were performed in a vacuum of
3 x 10-6 Torr. Temperature control during elevated temperature

i testing was always maintained within 2 3°F.

Neo ASTM Standards currently exist for cyclic stress:strain
measurements and thus we shall discourse in greater detail here.

The design of our cyclic stress:strain test fixture, test speci-

men and test setup required some departures from the more commonly

— e
|
Il
|

found configurations used in such testing. The reasons for this
lie in the difficulties associated witn testing, in fully re-

versed loading, a specimen machined from stock which was 0.25

7




inches thick as well as the need for testing at 700°F. The
thickness of the raw stock was chosen so as to insure a highly
textured material and still be capable of being used for the

other various mechanical tests described in Parts I1I and III.

Small size (i.e., 1/4" thickness) becomes & problem because of the

increased possibility of specimen buckling under compression
loads. Thus every attempt was made to maintain as large a test
section thickness as possible. On the other hand, the specimen
test section must be smaller than the grip area to insure that
grip area failures do not occur. In order to simultaneously
satisfy the above requirements, the specimen design shown in
Figure 6 was successfully used. Note that the use of a partial
thread in the grip area allows us to have a large net section
area in theAgrip vicinity. 1It. moreover, allows us to have
positive gripping even as we pass through zero load and does
not require us to reduce the specimen test section thickness
below .25 inches. The use of a circular cross section in the
tesy section and the use of gripping threads which lie on a

¢circular arc aided in minimizing misalignment problems.
In orfz2r to protect the MTS load cell and actuator from ex-

cessive temperatures we employed a fixture to hold the specinen

which significantly separates the test machine from the heated

72
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test area. The fixture is hollow and (s cnoled by flowing

water through 1it. See Figure 7.

The additional buckling propensity brought about by the longer

fixture length was minimized by careful attention to the machining

or the fixture. The overall alignment error of the 20 inch fix-

ture is less than .002 inches. The upper end of the fixture is
to be attached to the load cell by a threaded connection. The

lower end 1s attached to the actuator by a Woods metal pot.

Strain was monitored by measuring the relative displacement of

the extension tubes shown in Figure 12. These tubes are attached
to the specimen through.the use of a split mounting plate which

1s precisely matched to the shoulder contour of the test specimen.
The displacement was measured with a double cantilever beam clip
gauge in the chamber at the top of the test fixture, Tests of

the strain control system indicated that accuvacies of 27 were

maintained.
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RESULTS AND DISCUSSION

The monotonic mechanical behavior of polycrystalline alpha

~rich Ti alloys 1is strongly dependent ou the state of prefer-

red crystallographic orientation of the individual

(see Table III).

MONCTONIC STRENGTH OF BASAL TRANSVERSE

TABLE 111

TEXTURED a + B Ti ALLOYS AS A FUNCTION

alpha grains

OF TEST TEMPERATURE
Test Test Young's Uy u € R/A
Direction Tempgrature Modulus (ksi) (ksi) (%) (%)
(°F) (x10 " psi)
6A1-4V T1 ELI Grade (Rex'l 1 Process)
Rolling* 70 15,65 104 112 18 41
Transversck* 70 20.25 130 138 15 1
Rolling 700 11.60%%% 57 70 18 69
Transverse 700 17.90%%x* 91 93 16 A
6A1-4V T1 ELI Grade (Duplex Process)
Rolling 70 15.45 99.3 117.3 12. 27.5
Transverse 70 20.25 131.0 140.6 13. 38.4
6A1-4V Ti Standard Grade (Rex'l Process)
Rolling 70 16.00 128 133 13 32
Transverse 70 21.20 154 164 16 33
Rolling 700 N.p. t 66 82 19 43
Transverse 700 N.D. T 95 109 15 63
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TABLE III (Cont.)

6A1-2Su-42r-6Mo Ti (Rex'l Process)

Test Test Young's oy
18]
Direction Tempgrature Modulus (ksi) (ksi)
( F) (x10%psi)
Rolling 70 15.81 137 .4 141
Transverse 70 19.04 153.3 162
Rolling 800 N.D. 86.5 101.
Transverse 800 N.D. 109.5 123

*or <1010>
a

**or <Q0001>
a

**x*kestimated from stress:strain relation;

were measured dynamically

o

Studying Table III,

" not determined

13 45
13 36
17 53
15 51

all other moduli

one notes that the stiffer product direction

is always the stronger direction regardless of alloy chemistry

(both substitutional and interstitial),

and test temperature, at least up to 700°F in 6A1-4V Ti and 800°F

in 6A1-2Sn-4Zr-6Mo Ti.

Moreover,

final thermal

anisotropy on a percentage basis was always higher at

temperature than it was at 7OOF (see Table 1V).

TABLE 1V
BASAL TRANSVERSE TEXTURED

¢ + B Ti ALLOY MECHANICAL PROPERTY ANISOTROPY

practicpe,

monotonic tensile property

elevated

Test Temperature Alloy oy( <000i>0) OU (<000I>U)
110,
o, <10T0> ) o (71610 )
70°F 6A1-4V T1i/ELT 1.25 1.23
70°F bAL-4V Ti/St'd 1.20 1.23
70°F 6A1-2Sn-4Zr-6Mo Ti 1.20 1.23
700°F 6A1-4V T1/EL1 1.60 1.33
700°F 6ALl-4V Ti/St'd 1.44 1.33
800°F 6A1-2Sn~-4Z1r-6Mo Ti 1.46 1.23
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The increase in mechanical property anisotropy with increasing

temperature numerically results because on a percentage basis

‘the strength (and stiffness in the case of 6Al1-4V T1i/ELI, see

Table IT1) in the <0001>Ol direction is less temperature sen-
sitive than it 1is in the <lOIO>adirection. The essential reasons
for the strength anisotropy noted above are the very low Schmidt
factor for <]l§0>aslip in <0001>a or transverse oriented samples
and the much higher crss for <¢ + a> as compared to <a> slip
shown by Paton et al (Reference 3) for the basic Ti-6.b6A1 solid
solution. Interestingly enough, Paton et al (ibid) alsc report
that the crss of 6.6A1-7T1 single crystals on a percentage basis
is less sensitive to increasing temperature (from 700F to 7OOOF)
in the case of <c + a> slip than it is in the case of <a> slip.
Alloying alterations (either interstitial or substitutional) pro-
duce changes in strength as expected but these changes occur

in both directions equally (see Tables 111 and I1V) leaving the
mechanical property anisotropy unaltered. At both test temp-
eratures, the ductility of the metal 1s quite reasonable and

invariant with test temperature.

The fatigue behavior of our strongly basal transverse textured
products has also been explored in terms of cyclic stress:istrain
diagrams in order to infer differences in low cycle fatigue per-

formance (Reference 9) as a function of orientation as well as




conventional S-N curves in order to observe high cycle fatigue
performance. Cyclic stress:i:strain curves were created in this
..investigation by connecting the tips of hysteresls locops sat-
urated by repeated full stress reversals. After hysteresis
loop saturation occurred at one amplitude, the next datum was
always obtained by increasing the load amplitude. Typical
cyclic stress:strain curves observed in this way for both 6Al-
4V Ti and 6A1-2Sn-4Zr-6Mo Ti are shown in Figures 8 and 9.
Tension and compression stress:strain curves are presented
separately here in order to illustrate the role played by alpha
phase crystallography in their generation. For example, the
cyclic stress:strain behavior along <lOIO>Qin 6A1-4V Ti ELI
Grade at 70°F 1is nearly the same in both tension and compression
loading (see Figure 8). The vield strengths in both testing
directions are equal with the work hardening exponent in com-
pression being somewhat higher than it is in tension. By con-
trast, cyclic stress:strain behavior parallel to <0001>a is
highly asymmetric when room temperature tension and compression
results are compared for 6A1-4V Ti ELI Grade. The cyclic yield
strength in compressicn in this product direction exceeds its
tension counterpart by 45% and the plastic work hardening ex-
poncnt in compression 1is a factor of 6 higher than it igs in

tension. Similar mechanical property asvmmetry along <0001>( has
A
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been reported in terms of monotonic yield loci for highlv

basal transverse textured 6A1-4V Ti (Reference 7). A summary

of our cyclic stress:strain data for all three alloy chemistries

as a function alpha phase crystallography and temperature is

given in Table V.
TABLE V

CYCLIC STRESS:STRAIN BEHAVIOR

OF DBASAL TRANSVERSE TEXTURED o + B Ti ALLOYS

Test Test Static Cyclic Behavior
Direction Tempgrature Boahavior Tensile Compressive
("F) Tensile o Work g Work
o (Ksi gird. (ko) :ard.
(ksi) P xp-
6A1-4V Ti ELI Grade (Rex'l I Process)
<1oio>a 70 104 98 0.05 94 0.14
<0001>Ol 70 130 132 0.09 188 0.56
<1010>Ol 700 57 47 0.10 44 0.32
<0001>a 700 91 93 0.16 100 0.52
6A1-4V Ti Standard Grade (Rex'l Process)
<1oi0>Ol 700 66 64 0.22 56 0.41
<0001>Q 700 95 94 0.46 118 0.67
6A1-2Sn-4Zc-6Mo T1 (Rex'l Process)
<10i0>Cl 70 137 .4 128 0 104 0.36
<0001>a 70 153.3 148 0.11 152 0.48
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For the sake of convenience, we have also recapped the

monotonic tensile yleld behavior given in Table III for

these metals. A comparison of monotonic and cyclic tensile
yield strengths indicates that cyclic softening occurs at both
room and elevated temperature (7OOOF) parallel to <1010>a1n
6A1-4V Ti ELI Grade. Loading parallel to <0001>a in 6A1-4V Ti
ELI Grade produces no change in yield strength when monotonic
and cyclic tensile properties are compared at either listed

test temperature. Moreover, at 7000F, the magnitude of the
vield strength asymmetry along <0001>Ol is vastly reduced (compare
cyclic tensile and compression yield strength at 700°F vs 700F)
but the large asymmetry in working hardening coefficient between
tension and compression modes remains when the metal is tested

parallel to <0001>a at 700°F.

Increasing the interstitial contenf of the 6A1-4V Ti composition
produces little change in either the monotonic or cyclic stress:
strain behavior at 700°F (compare results for 6A1-4V Ti ELI Grade
and Standard Grade in Table V). It does appear from this compariso
that whatever interstitial induced strengthening does remain at
this temperature it is primarily associated with yielding due

to loads applied along <lOIO>a.
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cluded in Table V. Cyclic strain softening i{s more apparent

Figure 9 presents 70°F cyclic stress:strain curves for
orthogonally oriented samples of basal transverse textured

6A1-2Sn-4Zr~-6Mo Ti. A summary of this behavior is also in-

when loads are applied along <1010>athan it is in the case of
6A1-4V Ti (compare monotonic and cyclic tensile yield strengths
for the two materials). A modest degree of cyclic strain soft-
ening 1s even exhibited for tensile loads applied along <0001>a
in 6Al1-2Sn-4Zr-6Mo Ti. The cyclic compression yield properties
of this metal differ significantly from those just presented

for 6A1-4V Ti., For example, the cyclic compression yield for
loads applied along <1010>a is distinctly lower than its tensile
counterpart and the strong yield loci asymmetry noted in the case
of 6A1-4V Ti loaded along <0001>a virtually does not exist

here. However, these differences in flow stress at plastic
strains of 2 x 10-3 between the two material chemistries are
minimized at higher flow stresses or plastic strains due to the
large work hardening coefficients observed cyclicly when loads
were applied in both the <1010>aand <0001>Ol directions. 1In

fact, two of the more significant conclusions one can draw from
Table V is that work hardening is much more extensive in compression
in a + B Ti alloys than it is in tension and that compression
along <0001>a produces a significantly higher degree of work

hardening than does similar loading along <1010>Q.
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Recognizing from Table V that cyclic strain softening does

not occur to an appreciable enough extent in either orientation

in 6A1-4V T1 to reduce the basic tensile yield strength dif-
ferences observed monotonically between samples loaded in <0001>
and<10i0>a, one could well expect the S~N fatigue behavior of
samples whose long axis 1s oriented parallel to <0001>a to be sup-
erior to that associated with samples whose long axis was or-
iented parallel to <1010>a. Such an expectation 1is bourne out

in Figure 10 where one notes the "smooth" fatigue ljijves of <0001>a
oriented 6A1-4V Ti ELI Grade samples exceed their <1010>Q counter-
parts by a factor of ten at all stress levels. In '"notched"
fatigue, the difference in life with alpha crystallographic
orientation observed at Kt = 1 in Figure 10 for 6A1-4V Ti ELI
Grade virtually disappears (see Figure 1i). This result is not
totally unexpected and can be rationalized bhased on the fact

that a Kt = 4 notch creates a triaxial stress state which tends

to average fatigue life performance in the two orthogonal loading
directions. Increasing the oxygen and hydrogen levels of 6A1-4V Ti1
E11 Grade by 707% and 1257% respectively produced no change in its
notched fatigue S-N performance (compare S-N data presentations

in Figures 11 and 12).

The S-N fatigue performance of basal transverse textured 6A1-2Sn-

42r-6Mo Ti at a Kt = 1 is shown in Figure 13. As noted previously
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3 in the case of 6A1-4V Ti ELI Grade, one expects on the basis

of the monotonic and cyclic stress:st-ain data for 6Al-2Sn-47Zr-

6Mo Ti posted in Table V that low cycle fatigue performance

oy
i

“of samples oriented in the <0001>Ol direction should be superior o L

to those orilented in the <10I0>a direction. Indeed {f one ex-

T R AR A

trapolates the data presented in Figure 13 to stress levels above

Okl

130 Ksi this does appear to be true. Below 130 Ksi, the "smooth"

Dyl

fatigue life of <0001>a oriented samples of this alloy composition

= in the specific heat treatment condition defined for it in Table

N

é IT is significantly inferior to its (1010>a counterpart. Just as E
g was the case im 6A1-4V Ti, limited data is presented in Figure 14 é
g which verifies our expectation that th orientation dependence :
E =
5 witnessed for the "smooth" fatigue performance of this material B
3

é is eliminated when notched fatigue life performance is evaluated, é
¢ =

Creep parallel to both <0001>a and <10i0>a has also been monitored

! for highly textured 6A1-4V Ti ELI Grade in both air and vacuum

over the temperature range 700°F to 1000°F. At 700°F in vacuum oz

no appreciable creep was observed after 40 hours of loading in

either direction (<lOIO>u or <0001>a) until one applied greater

than 90% of the direction's monotonic yield strength. In Tables
( VI and VII we present minimum creep rates observed in vacuum and
alr respectively as a function of temperature, applied stress

and orlentation.
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AStress, Minimum Creep

TABLE V1
VARTATION OF MINIMUM CREEP RATE OF

TEXTURED 6A1-4V Ti ELI GRADE TESTED IN VACUUM

(a) <1010>g

Tewperature

Young's Modulus

(Ksi) Rate (in/in/hr) (°F) (psi)
-6 6

604+ 4.4 x 10_6 700 11.6 x 106
50% 8.3 x 10 s 800 10.2 x 106
40 1.60 x lO_5 900 10.9 x 106
45 3.15 x 10_5 900 10.9 x 106
50 7.00 x 10_5 900 10.9 x 106
30 5.15 x 10~4 1000 9.3 x 106
35 1.10 x 10_4 1000 9,3 x 106
40 3.10 x 10 1000 9.3 x 10
(b)_<0001>4
85> (No appreciable 700 17.9 x 106

creep observed

for a total of

35 hours) 6
60: (No appreciable 800 16.3 % 10

creep observed

for a total of

45 hoursz6 6
65 1.3 x 10-6 800 16.3 x 106
40 4.5 x 10_6 900 15.8 x lO6
50 7.5 x 10 -5 900 15.8 x 106
6C 1.70 x 196 900 15.8 x 106
25 6.5 x 10 -5 1000 13.9 x 106
35 1.45 x 10_5 1000 13.9 x 106
50 6.70 x 10 1000 13.9 x 10

*No measurable creep was observed until 90% of the yield

stress was applied.
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TABLE VIJ

VARIATION OF MINIMUM CREEP RATE OF
TEXTURED 6A1-4V Tji ELI GRADE IN AIR

Stress Minimum Creep Temperature Young's Modulus
(Ks1) Rate (in/in/hr) (°F) (psi)
-6 6
40 3.4 % 10_6 700 11.6 x 106
50 5.0 x 10 -5 700 11.¢ x lO6
55 1.10 x 10_5 700 11.6 x 106
60 1.20 x 10_¢ 700 11.6 x 106
30 3.25 x 107, 900 10.9 x 10,
35 1.55 x 10_4 900 10.9 x 106
45 5.86 x 10 900 10.9 x 10

b -5 6
70 2.00 x 1077 700 17.9 x 10,
80 2.21 x 107; 700 17.9 x 10,
35 3.86 x 107, 1000 13.9 x 10/
50 5.80 x 10 1000 13.9 x 10

As one can note from Tables VI and VII, the material in both
directions is markedly more creep resistant In vacuum than it

is in air, The absolute value of the creep rate parallel tc
<0001>Ol at any gilven stress level and temperature was alwayvs
significantly lower than its <1OiO>Ol counterpart. Additionally
the stress sensitivity of the creep rate in the <10i0>a direction
is significantly higher than is 1its countevpart in the <0001>

9]

direction in both environments.
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Creep resistance improvement in <OQOl>a over that observed
along <10T0>a has also been reported at elevated temperature

by Hodi (Reference 10) in the case of basal transverse textured

- 1”””’7”"”"" L. “""‘"“u’ﬂ"“’“FN”“’"“W“Vm‘“ﬂ[”l"‘m"wmm

4A1-4V Ti tested in ai Mechanistically, the crystallography

g

motivated improvement 1s relatable here again to the higher

crss required for <¢ + a> versus <a>» 1in the aluminum rich alpha

LT TR AT, )

\ phase (Reference 3) and the low Schmidt factor associated with
L <a> slip iu the <0001>a oriented samples. The enhancemen of
creep resistance assoclated with transferring the material from

air to a vacuum environment must be relatable to an interaction

- between oxygen and/or nitrogen and the beta phase of the 6Al1-4V Ti ]

3

ELl Grade since the amount of dissolved oxygen in the alpha phase

is not expected to play any significant role in the mechanical

behavior ot this phase above SOOOF (Reference 11). Just what

the nature of this interaction is will require further investi-

gation.
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CONCLUSIONS

The uniaxial unnotched mechanical properties of basal
transverse textured 6Al1-4V Ti and 6Al-2Su-4Zr-6Mo Ti

are highly anisotropic.

o
Young's Modulus of basal transverse textured 6A1-4V T1i at 70 F

is 20% greater parallel to <0001>a than 1t is parallel
to <1010>

a
Monotonic tensile strength enhancements of 25% have
been found at 70°F on comparing the tensile properties
of samples aligned along <0001>a versus <1GT0>OL in 6Al-
4V T{ after Rex'l I processing.
The 70°F cyclic compression yield strength of the 6A1-4V
Ti ELI Grade composition in the <0001>y direction was 188
Ksi vs. 94 Ksi in the <1010>a direction.
At 700°F, Young's Modulus parallel to <0001>Ol in basal trans-
verse textured 6A1-4V Ti exceeds that parallel c« <lOTO>cl
by 54% and the monotonic yield strength parallel to <OOOl>Cl
is 60% higher than its <1010>a counterpart.
Examination of the cyclic stress:strain behavior of basal
transverse textured 6Al-4V Ti at 70°F and 700°F demonstrates
that the monotonic mechanical property improvements just

summarized are not diminished by cyclic softening.




7. Similar results in terms of mechanical property anisotropy
have been obtained for basal transverse textured 6Al1-2Sn-

4Zr-6Mo Ti as are described above for basal tranéverse tex-

tured 6A1-4V Ti.

8, Smooth fatigue lives ot <0001>a oriented samples in basal
transverse textured 6A1-4V T1 exceeded their <10i0>Ol counter-
parts at 70°F by a factor of 10 when fatigue performance at
a glven stress level was compared.

9. The notched fatigue life (Kt = 4) of both orientations
(<0001>u and <10i0>a) was the same at any stress level in
6A1-4V Ti and 6A1-2Sn~-4Zr--6Mo Ti.

10, In contrast to the enhanced smooth fatigue performance of
<0001>Ol over <1010>a i1, basal transverse textured 6A1-4V TH{,
Kt =1 <lOIO>u samples of basal transverse 6A1-2Sn-4Z2r-6Mo Ti

exhibited fatigue lives approximately a factor of 5-10 times EE

i better than their <DOOl>Ol counterparts depending on maximum

stress level. ]

11, The elevated temperature creep resistance of basal transverse ;5

textured 6A1-4V T1 depends on both environment and alpha 1

: phase crystallography. Creep rates in the temperature range

700°F to 1000°F can be reduced by a factor of ten in either 13

orientation by running the test in vacuum rather than lab 3:

air, Additionally, creep rates parallel to <0001>Ol are always




e

a factor of 10 lower than those observed parallel to
<10i0>Ol when similar stress levels and tempers are com-
pared.

Microstructural mechanisms are offered to ratiomnalize
the several mechanical property improvements noted in

this work.

At bl ! ol
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PART III

ON THE _GROWTH OF CRACKS 1IN
BASAL TRANSVERSE TEXTURED a + B
TITANIUM ALLOYS AS A FUNCTION

OF CHEMICAL ENVIRONMENT

The spreading application of fracture mechanics as a design
analysis tool in the aerospace industry of the '70s has made

it mandatory that the crack growth resistance properties of
engineering materials be not only measured but also controlled.
Property control during metal manufacturing prccedures requires
a knowledge of the manner in which alloy chemistry and processes
such as thermomechanical metal working influence the matrix

of properties obtained in the final product. Experience has
shown, moreover, that the crack growth resistance properties

of o + 8 TL alloys will vary markedly when compared on a lot-to-
lot basis. The purpose of the present work is then twofold.
Firstly, we shall report results on crack growth resistance in
lab air and saline water for three commercial o« + B Ti alloy
compositions where the TMT working procedures have been carefully
controlled and monitored. The three alloy compositions are
6A1-4V T1 (0.09 wt% oxygen), 6Al-4V T1i (0.162 wt% oxygen) and
6A1-2Sn-4Zr-6Mo T1. Secondly, we shall endeavor to provide
fundamental insight into the relationship between the micro-
structural/crystallographic origins of crack growth resistance

in these commercial alloy compositions and production rontrollable
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material/process parameters (i.e., allocy chemistry and

thermomechanical processing).

Attainment of the second objective will be greatly enhanced
because all the metal employed in this study was processed

in a manner which left the various alloys both well annealed and
with very strong basal transverse textures.* Since the re-
crystallized microstructure of all three Ti alloy compositions
employed in this work are preponderantly hexagonal at room
temperature, one can conceptually think of these materials

as pseudo a single crystals possessing one of three alloy

chemistries (see Figure 1).

While numerous investigators have reported results on the

relation of crack growth resistance (in terms of either fracture
toughness, stress corrosion or fatigue crack growth rates) to
overall microstructure/fractographic morphology (e.g., Widmannstat-
ten vs. equiaxed, etc., References 1 - 5), only three prior
investigations have made any systematic attempt to correlate

crack growth resistance to alpha phase crystallography (Ref-
erences 6 - 8). Probably the first crack growth "resistance':
crystallography correlation is the now classic result of Black-
burn and Williams (Reference 6) in which they showed the primary

fracture path asscociated with static load induced saline stress

*A detailed description of the thermomechanical processing

required to generate these textures can be found in Part I.
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FiIGURE 1 - BAsSAL PoLE ScHEMATIC FOR A BASAL TRANSVERSE
TexTURED @ T1 MATERIAL

Note: POINT A REPRESENTS THE CASE OF PERFECT ALIGNMENT
OF ALL CRYSTALLITES.

(Rer, LarsoN AND ZARKADES, MCIC-74-20)
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-_have been two fatigue crack growth rate studies in this area.

corrosion of the o phase (i.e., low values of KISCC) is "near

baral" cleavage [i.e., on (1017) or (1018)). 1In addition, there

Both of the earlier crystallography related fatigue crack growth
studies were conducted only in lab air. The first of these two
studies was performed by Harrigan, Sommer, Reimexs and Alers on
basal transverse textured 6Al1-2Sn-4Zr-6Mo Ti which was recrystal-
lized prior to crack growth observations (Reference 7). These
authors showed the metal to be anisotropic with respect to both its
plane strain fracture toughners and fatigue crack growth rate,

They reported K to vary by a factor of two with oriertation.

Ic
The tougher orientation was that wherein the load was applied
parallel to the direction of most intense basal pole or ¢ axis
concentration. In terms of lab air fatigue crack growth rate
anisotropy, they observed da/dn at low &K (<18 Ksi/fg.) to be

nearly an order of magnitude faster when loads were applied

->
rarall~sl to the direction of major ¢ axis concentration as

opposed to directions orthogonal to this product directlon. At

higher 4K (>18 Ksi/1n.), the orientation dependence of the

vl

growth rate reversed and cracks propagating in Mode I parallel

to the bas 1 plane moved more slowly at any 4K than cracks

propagated normal to this crystallographic pl-ne.

A far more complete investigation of the relation between

crystallography and Stage II fatigue crack growth in basal

102




transverse textured and annealed 6Al1~4V Ti (0.13 wtZ% oxygen)
was performed by Bowen (Reference 8). He observed fatigue
crack growth rate differences with test orientation similar to
£hat reported earlier by Harrigan et al (Reference 6) in théif
more highly beta stabilized alloy. He demonstrated that the
growth rate differences observed as a function of test piece
orientation are associated with changes in crystallographic
deformation mode required by the various loading directions

and crack plane orientations employed. Specifically he showed

that da/dn above AK = 20 ¥sil vYin. was not a strong function of

8K (in terms of a low value of the Paris exponent,''m")when a
crystallographic deformation mode satisfied the shear stresses
set up in the continuum flow field at the crack tip (i.e., slip
or twinning happens symmetrically, about the crack plane tip
and crack advance occurs on a linear front which is normal to
the applied load). By contrast, da/dn in the high AK region  ;i
({.e., >20 Ksi v/In.) was a much stronger function of AK (in
terms of higher Paris "m" values) for those crack plane:loading
direction orientations where large differences existed between
the orientation of the available crystallographic deformation
modes and the shear stresses of the continuum flow field. For
example, in a basal transverse textured product, the AK insen-
sitive test orientations were shown to be LS, SL and TS, S5ig-

nificantly higher AK sensitivity was found for growth rates

measured in TL, €T aud LT orientations. In these latter three
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orientations, fractographic evidence taken from regions

cracking macroscopically at rates greater than 1 x 10-5

inches/cycle, indicates that crack advance is quite complex.

It is neither linear across the sample on any given crack plane

nor planar. This complexity arises because In these orientatigns

slip and/or twinning are forced to occur assymetrically about

the crack plane tip and microscopic regions of ductile tear are

found counecting regions of striation formation. Bowen ration-
alizes the higher AK da/dn rate sensitivities of the TL, ST and

LT about AK = 20 Ksi vYin. in terms of his monotonic or ductile
tear fracture observations since this fracture mode isn't a
function of AK but only Kmax'

Based on Bowen's association of monotonic fracture with increasing
AK sensitivity at high AK, one would expect those orientations
with the higher rate sensitivity (TL, ST and LT)when Kmax is

high enough to promote ductile tear to also exhibit higher AK
threshold values than the linear crack advance graup (TS, LS, SL).
At low AK the microscopic regions which can tear at high values

of Kmax should become very effective barriers to further growth
when Kmax is too low to permit ductile tear within the plastic
zone at the crack tip. Unfortunately, Bowen made very few crack
growth rate measurements below AK = 20 Ksiv/in. 1In the two or-

ientations where he did make a consistant series of measurements

in the 10-6 inches/cycle region (t,e., LS and LT), his results

104




show the LS orientation [measured Paris "m" value = 2.7 (at
high AK] tending to a AK threshold at least 2 Ksivin. lower

" than the LT orientation [measured Paris "m" values = 4.1 (at
high 8K)). It will be interesting to see if this proposed re-
lationship between propensity to ductile tear at high AK and

4K threshold extends to a comparison between crack growth rates
in the TL orientation (measured Paris "m" = 3.1) and the LT
orientation (measured Paris "m" = 4.1) in basal transverse
textured Ti alloy products. Confirmation of this prediction
will also be sought during the current effort since these two
crack orientations are often the most important from an eng-
ineering structural analysis viewpoint. 1In fact, such 4K
threshold shifts can significantly impact predictive analyses
where fatigue crack retardation effects are considered. Da/dn
rates under spectrum loading conditions are determined by com-
bining the appropriate constant load amplitude da/dn vs 8K re-
lation with a knowledge of the instantaneous value of

4 in turn 18 obtained after reducing the applied AK

Keffective

by instantaneous value of K .
closure

Keffective'

Thus, one required knowledge

of the da/dn vs AK relation at AKX values well below those actually

applied to the hardware being analyzed.
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Another subject of great interest in titanium alloy metal-

'lurgy are the origins of crack growth acceleration in adverse

environments. Such acceleration has been observed under both
static load References 2 and 6) as well as during fatigue load
cycling (References 1 and 3) when results are compared for
cracking in lab air versus in aqueous salt solutions of various
levels of salinity. Specifically, Pettit et al (Reference 2)
reported very low values of KISCC in the TL orientation of
intensely basal transverse textured and recrystallized 6Al-4V Ti
plate which had been fabricated by the RMI Company to Rockwell
International's High Fracture Toughness B-1 specification. They
also reported that the fatigue crack growth rate of this orienta-
tion was markedly accelerated when une compared results obtained
in lab air and salt water. The growth rate acceleration they
reported in salt water, moreover, was a complex function of load

cycle frequency and aspplied AK in a manner similar to that

reported by Dawson and Pelloux for 6Al1-4V Ti plate of undetermined

basal texture pedigree. For example, at low AK (<10Ksivin, @ R = 0.1),

low load cycling frequencies in salt water (v<l cpe) generated
da/dn r-sults very similar to those measured in dry air at the
same AK. By contrast high load cycling rates in salt water at
low AK caused an appreciable da/dn acceleration., The reverse

was true above 46K's in the range 13 Ksivin, to 15 Ksiv/irn.
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Daweon and Pelloux explain the complex frequency behavior in

" ““terms of the rate of formation of a passivating film on the

crack tip which forms quickly enough at low frequency to
effectively separate the cracking metal from 1its environment

1f the AK 1is 1low °nough.' In this case, high frequency loading

18 really defined in terms of wave shape and rise time with the
important characteristic that the load rise time be significantly
shorter than the time required for repassivation of a surface
whose protective film has just heen ruptured. The term " high
AK" here becomes synonomous with that stress intensity level
where conventional time dependent static stress corrosion cracking is

a major component of the corrosion fatigue process.

By contrast with the above reports of strong acceleration of

crack growth in salt water (versus lab air) for the ELI grade

of 6A1-4V Ti sheet (Reference 9) and plate (Reference 2) products,
Chesnutt et al have reported the crack growth characteristics

(K and da/dn) of several separated processed 6Al-4V T4

ISCC
ELI Grude pancake forgings to be only mildly accelerated (and
in some cases, not at all) when the metal was immersed in salt

water (versus lab air). They thermomechanically processed their

pancaker to p.oduce seven distinct phase/grain morphologiles

which spanned the range from equiaxed particle shapas to
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to Widmannstatten structure, The basal pole textures of all

seven microstructural conditions were relatively weak. Moreover,

these textures were such that the compact tension samples they

TR AR R

extracted from these samples for stress corrosion and corrosion

fatigue testing exhibited few basal poles parallel to the dir-

~ection of applied load. This observation is apparent from both

bl i o Rl L L

the X-Ray basal pole figures they present for each microstructural

-

condition as well as their report of ®16 x 106psi for Young's

RGN s T

modulus in this product direction. Having thus precluded '"near
basal" cleavage (Reference 6) geometrically, their study emphasizes
again the association of '"near basal'" cleavage and crack growth
acceleration in an aqueous saline solution., Having once precluded
é the existence of a continuous "near basal" cleavage path normal

to a principal stress direction in the compact sample, no further

significant corrosion induced crack growth acceleration was found

for any of the several microstructural conditions studied.

One, thus, could conclude from the above that corrosion induced E

crack growth acceleration ina + B8 T1i alloys results solely from
: the propensity of the alpha Ti phase to cleave in a near basal
orientation when exposed to a saline environment under load (static

or cyclic). There are three signiticant questions that still

LRI S i U T
AL Sk MM

remain to be answered. One, what 18 the microstruccural origin
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of this '"'near basal" cleavage process and how is it influenced

Py alloy chemistry. Two, is it possible for ana+ B8 Ti alloy
;ample to exhibit virtually 100% near basal cleavage as a fracture
mode and still not show significantly accelerated crack growth

in salt water? Three, what 1s the relationship between micro-
structural grain/phase morphology and corrosion induced crack
growth acceleration in an o + 8 T1i alloy material where a
significant quantity of basal poles adopts a strongly preferred
direction? 1In our current effort, we shall attempt to provide
answers to the first two of the questions. The third question

although of great interest 1s beyond the scope of the present

research.

i L el

il il




>
v
-

1,

EXPERIMENTAL PROCEDURE

Three distinct a + B Ti alloy chemistries were employed in

this work. Two of these were of the basic 6A1-4V Ti composition
differing only 1in their oxygen contents. The ELI version of

this alloy contained 0,095 wt%¥ oxygen. The Standard Grade

6A1-4V T1 composition contained 0.162 wt% oxygen. The wt% of

all other alloy constituents in both heats were i1dentical. The
third alloy composition employed was 6A1-2Sn-4Zr-6Mo Ti. All
materials used in this work were derived from production melting
stock. They were thermomechanically processed to one quarter
inch thick, six and one half inch wide plate stock. The metal
process schemes employed were all designed to produce a plate
product which exhibited an intense basal transverse crystallo-
graphic texture. X-Ray diffraction basal pole figures for each
of the three alloy compositions are given in Figures 2-4, Another
method for expressing basal pole preferred orientation is elastic
constant anisotropy. Young's moduli for all three alloy products
are given in Table I. Detailed accounts of the individual alloy
chemistries thermomechanical process schemes employed and ex-
perimental procedures to obtain the X-Ray pole figures and
Young's moduli can be found in Part I. Conventional mechanical

properties for these materials are enumerated in Part I1,.
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Figure 2: Material-6A1-4V Ti ELI Grade Figute 3: Material-6A1-4aV Ti
TMT Process Method:? Standard Grade
TMT Method 11
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Figure 4: Material-6A1-~25n-4Zr-6Mo Ti
TMT Method - 16
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I : . TABLE I

A ks

BASAL TRANSVERSE TEXTURE DETERMINATIONS

VIA YOUNG'S MODULUS ANISOTROPY

1 _*
i Alloy Composition S:az Treat Ew dth ERolling WoR

: ~ n (x10%ps1) (x10%psi)  (x100psi) 3

] 6A1-4V Ti: ELI Grade Rex'l I 20,18 15.75 4.43

E Rex'l 1I1I 19.65 15.55 4.10

b Duplex 20.25 15.45 4.80

: 6A1-4V Ti: Standard Rex'l 21.20 16.00 5.20

é Grade s

. 6Al-2Sn-4Zr-6Mo T4 Rex'l 19.04 15.81 3.23 §
E ali Single Crystal Annealed 21.00 14.50 6.50

P (¢ axis) (T axis)

s | 1
E =
3 *For details of these treatments, please see Table II ’{

TR €
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Table II details the héa: treatwents our various alloy
i compositions were subjected to prior to test. As one can
__note, the ELI or low oxygen grade of 6Al1-4V Ti was examined

in three conditions and the other <compositions in only one each.

The elastic moduli of the variously heat treated alloys are

given in Table I. The mechanical behavior of the three alloy )

products after these various heat treatments 1s given in Part II.

L i e AL A

TABLE I1
POST ROLLING THERMAL PROCESS
SCHEDULES

T R AT
!

Alloy Chemistry Heat Treat Heat Treatment®
Designation

]
]

] 6A1-4V T1i:ELI Grade Rex'l I 1710°F/4 hrs. + furnage
: cool at lega than 100 F/
; hour to 70°F,
1 Rex'l Il 1710°g/4 hrs. + air cool
- to 70 F

¥

: Duplex 1710°F/4 hrs. + furnage

cool at 1essothan 100 F/ :
hour to 1400 F/1 hr. + air :
coocl to 70°F. 2

6A1-4V Ti: Standard Rex"L 1780°F/4 hres. + furnage
Grade cool at legs than 100 F/
hour to 70 F

. 6A1-2Sn-42r-6Mo To Rex'l 1700°F/8 hrs, + furnace
{ cool to 1200 Fél hr., +
! air cool to 70°F

T T e T e g T s

*Microstructurally, all three materials have -~ 10 n grain size
and are fully recrystallized and equiaxed.
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The crack growth resistance of compact tension samples

fashioned from all three alloy products were assessed as a
-—function of vrientation within the products., 1In all cases,

the compact tension sample's dimensions were B ® ¥'" and W = 24",

The two product orientations employed here were LT and TL.

Employing the pseudo single crystal hypothesis mentioned earlier

(see Figure 1), LT oriented samples can be regarded as being so

configured that loads are applied parallel .o a <1010> direction

in our a phase "single crystal" and the crack advances along <0001>,.

Conversely TL oriented samples apply a load parallel to <0001>

and cracks propagate parallel to <1010>.

Three measures of crack growth resistance were employed in this

o)
work. All measurments were made at 70 F. These were:

-~ fracture toughness in lab air

= Kegeg Im lab air and 3.5% NaCl in H20
- da/dn vs AK in 1lab air and 3.5% NaCl
in H20

Fracture toughness measurements were obtained in the form of R-
curves since ocur one quarter inch plate thickness procluded
measurement of KIC' Our experimental technique was modelled

after that described in ASTM Part 31 (1975) for "Proposed

Recommended Practice for R-Curve Determination'. An MTS closed
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loop electro-hydraulic facility was employed for bhoth fatigue
precracking and final loading during the R-curve test itself,
"The approach taken here was to obtain the instantaneous crack
length at any given load along the load:displacement raw data
plot from experimental knowledge of the COD associated with
that particular load. Instantaneous COD was obtained by first
taking a cracked sample to a given load 2nd then measuring the
clope of the load:displacement curve associated with unloading
that sample to approximately 80% of its prior load. By it-
erating this load:unload sequence to higher and higher loade,
the raw data for entire R-curve was generated. In order to
convert load vs. COD to K vs crack length, we assumed that the
standard K:COD relation derived for the CT sample fabricated
from isotropic material is valid here as well so long as the
proper choice of elastic modulus is inserted into the equation.
It was necessary to make this assumption since no satisfactory
K:COD relation {or a CT sample fabricated from an anisotropic solid
exists zt this time. Since the stress field in a CT sample 1is
quite complex, it would only be fortuitous if the appropriate
elastic modulus for either orientation could be found among the
rnlaxially determined moduli listed in Table I. For this reason
we selected the appropriate "modulus" value to be used in this

relation from a knowledge of the initial fatigue precrack length
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—=-=and the linear portion of the load:deflection curve obtained - - -~ -

during the rirst lovading after precracking. Ia general, the
"moduli" determined in this fashion represented an averaging

ot the uniaxial moduli given in Table T for the L and T

“dirrcctions of any given alloy composition,

KISC( measurements ewmployed fatigue precracked compact tension
sampiecs which were exposed to either lab air or 3.5%Z NaCl 1in
distilled water. Fatigue precracking was always accomplished

in lab air to an a/w value of at least 0.3. The final maximum
precrack stress infensity applied Lo the specimen during the

fatigue precrack process itself was always less than one half of the

inirisl K applied during the K determination, Sample loading

"1SCC
for the test itself was accomplished in an MTS electro-hydraulic
facility. An autographic record of load:COD was obtained for each
sample. The rest was run at constant deflection and the sample was
fixtured such that the load originally applied by the MTS machine
could be lsolated in the constant deflection fixturc:sample
ansembly.  For those tests run in arcificial sea water (3.5% NacCl
in “2”)’ the environmental exposure was such that fresh sea water
contintously flowed past the crack tip during the 500 kours the

test wias in prepress. In scme cases, the initial loading after

faiigne precrackhing was accomplished in the presence of salt

water.,  The crack length of each sample was monitored visually

usiny o low power microscope (h0OX), After 500 hours had elapsecd,

the fistured surviving samples were placed once  again in the MIS machine
116
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with a COD gauge attached across the loading plane. The

“—~residual displacement on the fixtured sample was released and

autographically recorded. The sample was then loaded in the

test machine until the "released" deflection was obtained. The

load at this point corresponded to the residual load on the

constantly displaced specimen, It was particularly important
in this Program that we record botn residual load and final
crack length for our KISCC calculation since we are dealing
with an acknowledged anisotropic material. Here again, the

load:COD relations in the literature for the CT sample assume

the crack to exist in an isotropic solid, essentially the same

problem we faced in interpreting our R-Curve raw data. Here, how-

ever, our "residual load" measurement at the termination of the
test removed the necessity of making assumptions about effective

elastic moduli, etc.

In two Iinstances, K tests were conducted using a constant load

1SCC

technique. In these situations, precracking was performed to

very low 0K (e.g., 5-6 Ka{vVin.) in salt water. The samples were

then loaded in ocur MTS facility to a static K value 2 Ksivin. higher
than the precrack Kmax in the salt water and held for 1 hour or until

the crack began to grow under static load. 1f no growth occurred,

the load was raised such that K was not 4 Ksivin., higher
appliced

than the former precrack maximum, This load was again held for

one hour and assuming no growth here, the load was raised again

and held for observation of crack growth. Here again, fresh

salt water was continually fed to the crack tip from a

17
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‘rates as low as 5 x 10-7 inches/second in determining a K

reservolr during the test. The applied K was designated as

KISCC when one observed first motioﬁ of the crack. Since our

microscopic observation tool allowed us to detect crack ad-

vances as small as 0.001 inches, holding for one hour assured

us of being able to identify stress corrosion crack advance

1sCc
value with this test technique.

Fatigue crack growth rate measurements were performed on compact
tension samples between a/w ratios of 0.3 and 0.75 at constant
load amplitude in MTS electro-hydraulic facility. Crack growth
rates were monitored optically using a 20X travelling microscope
and electronically by means of COD measurements. Each sample
was precracked in air for a distance of at least %" (a full
sample thickness) at a series of declining load amplitudes with
the final 0.050" to 0.100" of precrack advance occurring at

the same load amplitude as was planned for use during the data
collection portion of the experiment. Once the precrack phase
was completed, no further changes 1in load amplitude were made
during the test until it was complete. Tests were run at 70°F
in both lab air (average humidity - 20%) and 3.5% NaCl in H20.
During salt water tests, fresh salt water was continuously
pumped into the crack tip frcm a reservoir in order to maintain

a constant crack tip chemistry situation. 1In lab air, all tests
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RESULTS

Results obtained in this effort for all three Ti alloy

chemistries will be reported in subsections entitled

- Fracture Toughness
- Static Displacement/Load Crack Growth
- da/dn vs AK in lab air

- da/dn ve AK in 3.5% NaCl in H O as

a Function of Final Thermal Practice.

Fracture Toughness

Crack growth resistance measurements (i.e., "R~-Curves") were
employed to assess the fracture toughness of all three alloy
compositions as -tion of product orientation (see Figures
S - 7). In order to provide additional perspective on these
dat we have also catalogued the highest K level for which no
evidence of crack growth could be detected during the rising
load test (Table III). Additionally, the highest values of K
associated with slow stable tear in a given product orientation
(1.e., the asymptotic K value found for a given "R-Curve') are

recounted in Table 1IV.
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TABLE I11

RESISTANCE TO THE INITIATION
B SR OF SLOW STABLE TEAR AS A FUNCTION
OF ALLOY CHEMISTRY AND PRODUCT

ORIENTATION
Alloy Chemistry x;“1‘18t1°“
(Ksivin.)
TL Orientation LT Orientation
6A1-4V Ti ELI Grade 88 80
6A1-4V Ti Standard Grade 84 98 :
6A1-2Sn-4ZT-6Mo Ti 60 66 3
TABLE IV ;

MAXIMUM STRESS INTENSITY FOR
| SLOW STABLE TEAR AS A FUNCTION OF
1 ALLOY CHEMISTRY AND PRODUCT

i il

! ORIENTATION 3

Maximum =

Alloy Chemistry KR 3

(Ksivin.) é

H TL Orientation LT Orientation g

i

6Al-4V T4 ELI Grade 112 103 :

; §A1-4V T1 Standard Grade 103 113 i

‘ =

: 6A1-25n-4Zr-6Mo Ti 96 113 :

*
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Referring to Table 11I, load application parallel to <0001>Ol
with the crack expanding along <1010>Ol in a mixed mode situation
provides an unexpected result in that K;nitiation in the TL
orientation 1s ossentially independent of interstitial content
level., By contrast, 1t is now well accepted that plane strain

fracture toughness, K of 6A1-4V T1i products decreases sharply

1c’
with increasing oxygen level over the same chemistry range de-
fined by the ELI and Standard Grades employed here. The maximum
stress intensity associated with slow stable tear (Table IV) in
a mixed mode for the TL orientation does depend on the oxygen
content of the 6A1-4V Ti alloy in question but here again the
dependence is not very strong. The mixed mode crack growth
resistance observed in the LT orientation of the two 6Al1-4V Ti
alloy chemistries (i.e., the <lOIO>a: (OOOl)Q opening mode
system) is even more unexpected, based on the established de-

pendence of K on interstitial chemistry in this alloy system.

IC
Here, in both Tavles IITI and IV, we observe that the crack growtn

resistance of the standard grade metal is superior to its ELI Grade counterpart.

In Table IIl, one notes that the resistance of the 6A1-2Sn-42r-6Mo Ti
alloy to the initiation of slow stable tear in the rising load or

R-Curve test is significantly poorer than either of the 6A1-4V Ti

alloy chemistries. Moreover, this observation is independent of
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~-product orientation. By contrast,

the maximum K associated
with slcw stable tear in the 6-2-4-6 Ti alloy depends on product
orientation with an opening load applied parallel to <0001>a

(TL orientation) yielding a significantly lower K value than

its <1010>a counterpart (LT orientation). Surprisingly, th:
maximum K for slow stable tear in the <1010>Ol : <0001>u opening
mode system in 6-2-4-6 T1 is equivalent to its 6A1-4V Ti counter-

parts (Table 1V).

Static Displacement/Load Crack Growth

The effects of alloy chemistry, thermal practice, product ori:nta-
tion and chemical environment on statically displaced or loaded
cracks in basal transverse textured Ti alloys are given in

Table V. As one can note in this Table, the vast majority of
these tests were conducted under conditions of constant displace-
ment amplitude. In two cases where the measured KISCC values
were quite low compared to our lab air R-curve test data (Table
I1I) we confirmed our 500 hour salt water results by running

constant load or K tests as well. values in Table V

Kinittal
were selected initially based on the results of Table III to
assure that our precracked samples did not exhibit additional

crack growth during their initial loading sequence.
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Reviewing the data presented in Table V for crack growth

in lab air under static crack opening displacement, one notes

fhat neither the LT orientation (<10i0>a: <0001>a)nor the TI
orientation (<0001>u : <1oIo>a) of 6Al-4V Ti ELI Grade (i.e.,
0.095 25% 0, 20 ppm H2 exhibico any crack growth in 500 hours

at a stress intensity of 70 Ksivin. This result validates our
R-Curve results given in Table III and as well is in keeping

with Meyn's findings that such low interstitial contents in
6A1-4V Ti only edve rise to slow crack growth under static

load in lab air at s0 Ksi/in. or above (Reference 10). By
contract opening mode cracks in the 6A1-2Sn-4Zr-6Mo Ti alloy
chemistry metal were not stable on (0001)Ol in lab air at static K
levels well below those given in Table III for the initiation of
crack growth under rising load. As one can note, the TL orienta-
tion eﬁpibited extensive crack growth under this relatively chem-
ically benign condition at KInitial = 44 Ksi/in. The LT orienta-

tion of this alloy composition by comparison exhibited no crack

growth in 500 hours at a somewhat higher K level (i.e., 50

Initial
Ksi/Tn.) thue demonstrating che important role played by a phase

crystallography in this cracking process.

Turning to the salt water environment results enumerated in

Table V, we observe that cracks could never be made to grow

129
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parallel to <0001>n wvhen loads were applied pa-allel to
~¥¥f1010>a(1'e" the LT orientation) at Klnitial levels as high

as 80 Ksi “in. in the case of 6A1-4V Ti and 50 Ksivin. in the

case of 6A1-2Sn-4Zr-6Mo Ti. The corresponding tests in the TL

orientation provided results wherein substantial crack growth

was observed down to very low K levels in some ( 18es. As one

also observes here, in the TL orientation of 6A1-4V Ti

KISCC

“1\;‘ ‘;‘mu

ELI Grade is quite sensitive to final thermal practice. For ex-
ample, application of the "Rex'l 1" process to 6A1-4V Ti results
in a KISCC between 20-30 Ksiv/in. whereas the "Duplex" anneal elimin- %
ates all sensitivity to salt water crack growth parallel to <0001>a

Refering to Table 11, we note that the "Rex'l I" thermal treatment

differs from its "Duplex" counterpart only in that the latter

o
treatment returns the recrystallized microstructure to 1400 F for

v

1 hour and cools the one quarter inch thick metal in air.

3 KISCC in salt water in the TL orientation of 6Al-4V Ti also
: appears to dipend on oxygen chemistry. One notes 1in Table V
that Increasing the oxygen content of the basic alloy in its
furnace cooled condition significantly lowers 1ts KISCC level.
; The recrystallization practice applied to the 6A1-2Sn-4Zr-6Mo Ti

metal chemistry was also duplex in nature. However, as one can




note in Table V, it was not effective in preventing '"near basal'"
cleavage in either lab air or salt water at low values of K

(see Figure 8) although the extent of such cleavage was con-

siderably less in lab air,

da/dn vs. BK in Lab Air =

In Figures 9 - 11 we present fatigue crack growth rate data 5
obtained in lab air for all three alloy compositions. The basal ;
pole X-ray textures and elastic modulus anisotropy associated

with Figures 9 and 1N are essentially the same (see Figures 2 -~ 3
and Table I). The basal transverse texture emplaced in the 6Al- E

2Sn~42r-6Mo Ti was not as intense (see Figure 4 and Tauvle I).

At first glance, one might be tempted to conclude that the lab air
1 fatigue crack growth rate behavior of the lower oxygen grade of t;
6Al-4V Ti is essentially the same in the two diverse sample orienta-
tions, (sce Figure 9)., However, the results in Figure 9 have been
verified by repeated testing and thne results shown here of the
da/dn data for the two orientations cressing one anather at about ::
AK of 16 Ksi /in. are real. As one can note in this Figure, 1t
2 appears that the threshhold value of AK in the LT orientatior :s 75-
going to be significantly higher than its TL counterpart. Corrobora-

tion evidence to the exigtence of the difference in crack growth

l 1n .
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Environment

«<]10I0>>
a

(a) 1000X
in SEM

sanple Urientationt TL
[Louding Direction: <U001,

Nominal Crack Growth
birection: <1010,

44 KsiVﬁn.

Capplied

«<1010%>*

(b)  2000X
in SEM

Sample Orientation: fy
Loading birection: <0001,

Nominal Crack Growth .

NDirection <101Ua'
L

= 44 Ksi\in.

1

“applied

Figure 8 - Fractographic Observations of Static

Displacement Induced Crack Growt), in Basal

Transverse 6Al-25n-4<r-6Mo Ti
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in SEM
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—=fractographically in Figure 17 employing an SEM, 1In Figures

~orientation in Figure 12, there is substantial evidence of se-

behavior at low K between the twe orjientations can be seen

12(a) and 12(b), we compare fractographic features for both

_orientations at a common value of da/dn (7 x 10-7inches/cyc1e).

In Figure 12(a), the crack grows predominately in a "near basal"

cleavage mode along <10i0>cl in contrast to the complex path

it pursues in the LT orientation (Figure 12(b)). 1In the LT

condary shear cracking at large angles with respect to <0001>a .

AL b

that in some cases even approaches <10I0>a as well as scattered

Vol 1

observations of ductile tearing. An attempt was made to determine

what fraction if any of the fractographic topography shown in
Figure 12(b) was formed in a striated fashion. No evidence of

fatigue striations could be found at 10,000X in that region of the

LT sample where da/dn = 7 x 10-7 inches/cycle employing the SEM
technique. Switching to a carbon:chromium replica technique in an i
electron transmission mode exploration of this same area revealed
several grains which manifested very fine fatigue striations at a

magnification nf 6,970X (e.g., see Figure 1Z(c))*

In Table VI, we present da/dn data evaluations employing both a

macroscopic optical crack growth technigque (i.e., that used to gen-

erate Figures 9 - 11) as well as determinations made via striation

counting for the LT orientation of the 6A1-4V Ti ELI sample.

*TEM fractographic results in Figure 12(c) and Table VI were supplied

by Mr. Austin Phillips of S.E.A.L., Los Angeles, Ca 90065.
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(a) 2000X
in SEM

Sample Orientation: mn
Loading Direction: <0001,

Nominal Crack Growth
Direction: <1010%

da/dn = 7.0 x 10-7inches/cycle

3K = 8.30 Ksi Vin.

+<0001%>

(b) 2000X
in SEM

Sample Orientation: LT
Loading Direction: <1010%

Nominal Crack Growth
Direction: <0001,

da/dn = 7.0 x 10-7inches/cyc1e

AK = 10 Ksi Yin,

(c) TEM Technique
ibid (b)

6970X

Figure 12: Effect of Orientation on the FCGR Characteristic
of 6A1-4V Ti ELI Grade at Low 3K in Lab Air
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TABLE VI

A COMPARISON OF MACROSCOPIC CRACK GROWTH
AND ELECTRON MICROSCOPIC STRIATION
COUNTS FOR THE LT ORIENTATION
. -OF 6A1-4V TI ELI GRADE

AK da/dn (inches/cycle)* = |
(Ksi Vln. ) Macroscopic TEM SEM 3
10.0 7.0 x 107/ 1.9 x 107° .
12,5 2.0 x 107 2.0 x 107° n.f %
15.1 4.15 x 107 4.0 x 10°° g
20,0 1.0 x 107° 9.0 x 10°° n.s. ?
29,7 3 x 107° n.s. 4.4 x 10°° a
=
*n.f., - not found at 10,000X; n.s. - not sought 3
E
3
. As one observes in the above Table, the agreement between crack growth .2
| 1=
I 15
‘. rates measured macroscopically and by striation counting agree quite well §
at all 4K levels but the lowest measured here. In the case of AK = IOIQNin..
striation counting cverestimates the macroscopic rate by a factor of three, j
i Fractographs taken at higher 3K from both the Tl. and LT orientations of the
4
6Al1-4V Ti ELI grade metal are shown in Figure 13. In both orientations,
5
: crack progression is predominately by striation formaticn although scattered 3
i
13
e

.ty
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evidence of ductile tear regions can also be seen in Figures

13(a) and (b).

In Figure 10, we present lab air da/dn data for the same basal

transverse 6Al1-4V T1 alloy except in this case the metal contains

a higher interstitial content (i.e., 70% more oxygen and 150%
more hydrogen, see Table V). Here one sees that interstitial
ccntent plays a strong role in determining the crack growth rate
of the TL orientation at all levels of AK. Note that the da/dn
vs. AK characteristic associated with the LT orientation of both
6A1-4V T1 alloy chemistries are identical (compare Figures 9 and
10). The fractographic appearance of the TL oriented sample
whose data are presented in Figure 10 were similar to

its ELT Grade counterparts in Figures 12(a) and 13(a).

In Figure 11, we present similar lab air da/dn vs. AK for basal
transverse textured 6A1-2Sn-4Zr-6Mo Ti. Interestingly enough,
one finds on comparing the crack growth rates of the LT orienta-
tion in Figure 11 at various AK levels with its counterparts in

Figures 9 - 10 that the da/dn vs. AK relatilon is very similar

to those we reported earlier for the other two alloy chemistries.

It then appears at least over this small range of alloy composi-

tions, that da/dn variabiiity with alloy chemistry at constant
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(a) 2000X
in SEM ¥
i Sample Orientation: L Sample Orientation: LT

Loading Direction: <003D3, Loading Direction <10f01

Nominal Crack Nominal Crack

Growth Direction: <10103, Growth Direction <0C013,
. da/dn = 6.6 x 10-6inches/cyc1e da/dn = 3,0 x IU-Sinches/cyclu
i Ak = 17.9 Ksi Vin. AK = 29.7 KsiVin,
b
:
’ . . .
4 ; Figure 13: Effect of Orientation on the FCGR
P Characteristics of 0Al-4V Ti ELT
’ Grade at High JK.
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microstructure may well be associated with cracking in

the <1010> direction due to loads applied along <0001>.

Fractographs corresponding to thcse in Figure 12 at low AK

for AA1-4V Ti ELI Grade are shown for 6A1-2Sn-4Zr-6Mc Ti in
Figure 14. Although the differences in fractographic

topcgraphy generated by cracks propagating on (0001)Ol [Figure
14(a) and (b)] and (lOiO)a[Figure 14(c) and (d)] are not as
pronounced as they are for the case of similar cracks growing

in 6A1-4V Ti {See Figure 12(a) and 12(b)] , one can still fairly
state that crack growth on (0001)Cl : <1010>a is more planar

and contains significantly less evidence of ductile tear than
does its (lOiO)Ol : <0001>a counterpart in 6A1-2Sn-4Zr-6Mo T1.

It should be noted, however, that in Filgure 14 (c) and (d),

we observe distinct evidence of flat areas with cleavage-like
river markings on them. These areas must be oriented parallel
to the prism plane of the 6A1-2Sn-4Zr-6Mo Ti alloy. Thus, cleavage

must also occur on oY naear <1010>aunder certain conditions in

a + B T1i alloye.
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+<1010>a'*

+<1010.+
(24

(a) 10023% (b) ZOeX i -
in SEMN in ShtM S
sample Orientation: Tr Sanple Urlentation: T
Loading Direction: <uo0Ls, loading Direction: <uGoL> 3
Nominal Crack Growth Nominal Crack Growth E
Direction: a10Te? Direction: <liluy, .
. .
- . . =7
da/dn = 7.5 x 107’ inches/cycle da/dn = 7.5 x i i1nches ‘cycle
N aant L. N
AK = 8.4 KsiYin. JK = 8.4 KsiVin.
Figure 14 - LEffec* of Orientalion cn the FCGR >
Charac:eris ic of o6Al-25n-4r-tMo Ti
at low AK 1n lab air.
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+<0001>+

(e} 100X
in SEM
Sample Orientation: LT

Loading Direction: <10I0ﬁ

Nominal Crack Growth
Direction: <0001>

-7
da/dn = 7.C x 10 inches/cycle

AK = 11.5 l@i'\}im

Figure 14 (tont.)
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¢<0001§?

(d) 200CX
in SEM

Sample Orientation: LT
Loading Direction: <1010,

Nominal Crack Growth
Direction: <0001>

da/dn = 7.0 x 1077 inches/cycle
3K = 11.5 KsiVin,
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da/dn vs. AK in 3,5% Nall in HZO: 6Al-4V Ti

e e — —————  —— . _—————— —— . — > —— —— -

...In Figire 15 we present fatigue crack 3rowth rate data for 6Al1-4V Ti

ELI Grade obtained whea the crack propagated parallel to (0001)

(loading direction <00013 ) in 3.5% NaCl in H20. Two load <ycling

freqiencics were employed during our salt water tests in order to estimate

the magnitude of the expacted frequency shift (References 2 and 3) in

this adverse environment, The material eaployed nere was recrystallized

after rolling and furnace cooled (Rex'l I, see Table II). Also replotted

in Figure 15 for reference purposes is the corresponding lab air TL data k.
initially presented in Figure 9. As one can note in Figure 15, if one

compares the salt water data obtained at 20 cps with its dry air counter-

part, he observes a 5:1 crack growth rate acceleration at low AK

(8-10 Ksi Yin.) in the aggressive environment. As the aK rises, the

salt water acceleration at 20 cps decreases until at 25 Ksi Yin. it is less

than 2:1. At very low iK (5 Xsi VYin.~ 6 Ksi VTB.), the da/dn data observed =
at 20 cps and 2 cps are identical. As 3K increases, da/dn rates at the

two test frequencies diverge with the 2 cps data rising in a step-like

fashion at about 7 Ksi Vin. and then deccelerating with further increase

in AK. Althoaga it is not as obvinus in Figure 15 as it will be in sub-

sequent Figures, the 20 cps salt water crack growth data exhibits this

same step-like rise in da/dn at a similarly low AK level as that associated

with the 2 cps data.
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®
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®
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A
A
' 4
® g A
< A
g & % Material: 6A1-4V Ti ELI Grade
g O ) with a basal transverse texture.
< A [ ] Heat Treat: Rex'l + Furnace Cool
© to 70°F
; A P Test Conditions
1x10 " ¢ ¢ R=0.1 TL, Orientation
o
A Symbol Environment Test Frequency
) lab air 20 hz
A 3.5% NaCl in HZO 20 hz
0] 3.5% NaCl in HZO 2hz
210~ —_ -
10 100

a K (Ksivin.)
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In Figare 16, we preseat a data set for 6A1-4V Ti Standard SGrade

representing a study similar to that shown in Figuare 15 for the ELI

Grade version of this alloy. Here again, these crack rate results in B

air and salt water were obtained after the metal was recrystallized and E
furnace coosled (see Table II for details). The gross pattern of accelera- :

tion in salt water as function of test freguency is similar here to that

shown for the lows2r interstitial content alloy in Figure 15. 1In Figure

16, 1t appears like the step-like change in crack growth rate with freguency
occurs at a lower 3K value in the 20 cps data (~5 Ksi Vin.) than it does

in the 2 cps data (~8 Ksivin.). Another comparison of these data -an be

found in Figare 17. Here we find replots of our 29 cps salt water da/dn

data obtainad w~ith both grades of 6Al1-4V Ti employed in this work. As

was earlier the case in the lab air da/dn and KISCC resalts, the aigher

the interstitial content of the 6A1-4V Ti alloy, the faster is the

For

opening ande fatigue crack growth rate on (Oool)a in salt water.

simnlicity of presentation, we did not replot our 2 c¢ps data in Figure 17.
Inspaction of these data in Figares 15 and 16, however, does indicate the

same tread with interstitial level as is seen in Figure 17.

Let us now attempt to identify microstructural corrosicn fatigue crack
paths by simultaneously viewing the fracture faces of tested corrosion

fatigue CT samples and the metal's microstructure on a plane at 90° to

LRI C wm;«—.~.;3
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EFFECT OF ENVIRONMENT ON
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AL a o EFFECT OF INTERSTITIAL
PN CONTENT ON THE FCGR OF
CRACKXS PROPAGATING PARALLEL
A TO THE MAJOR CONCENTRATION
A OF BASEL PLANES
A
i s L . :
2 Alloy Designation: 6A1-4V Ti 2
g Heat Treat: Rex'! + Furnace Cool L3
s ‘ Test Conditions: é
< A R=0.1; TL Orientation i3
3.5% NaCl in H,0; v=20 cps i3
o =4 Symbol Alloy Grade
a ELI s
A A sT'd
e ! . ,
2 10 100

a K (ksiVin.)
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the fracture plane in a Scanninq Electron Microscope In order to

:perform this task, the fracture face of the tested CT sample was pro-

tected by Bakelite while the side of the sample was metallographically
polished and etched (Kroll's Etch). The Bakelite was then removed
mechanically from the fracture surface and the entire sample was cleaned

in ultrasonically agitated acetone,

A typical result obtained employing the above described technique is

shown in Figure 18. In this case, we are viewing a TL oriented CT
sample fatigue tested in salt water. The fracture location shown in
Figure 18 corresponds to a 4K in the range 10 KsiWJ;;. to 12 KsiWJ;;.

The basal transverse material employed in producing Figure 18 was

6Al1-4V Ti ELI Grade which had been furnace cooled after recrystallization.
In this orientation it exhibited a 500 hour salt water K ... of 30 KsiVfin
compared to a value in excess of 70 KsinI;. obtained when the same
material was tested in the LT orientation. In Figure 18 one observes

the fracture surface to consist entirely of transgranular cleavage,

The orientation of this sample is such that we are applying our external
load normal to the major concentration of basal planes in the product.
Thus, it is not surprising, based on the work of Blackburn and Williams
(Reference 6), that one finds ''near basal'" cleavage as the sole primary

alpha phase fracture mode, One should note Lere that the crack is
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Fractography

Figure 18 - Fractographv./Metallography of Basal Transverse Textured 6A1-4V Ti

1000X

ELT Grade; Condition - Rex'l at 170(1°F + Furnace Cool; da/dn
Test 1n 3 5% NaCl 1n H20 at 20 cps; 9rientalion - TL;

. — L -5
10 Ksi\fin <3K <12 Ksiyin ; da’dn ~3 x 10 “inches/cicle.
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i.%growing in a strictly transgranular mode in this equiaxed micro-
structure and does not appear to be either impeded or accelerated
as it crosses a: B :a grain boundary regions. Although the crack
growth rate in Figure 18 was high enough for the SEM technique to
resolve fatigue striations (see Table VI), none are observed when
(OOOL)O cracking occurs in such an environmentally accelerated
situation.
In addition to examining the fatigue crack growth rate parallel to
(OOOl)a in salt water after the 6A1-4V Ti ELI Grade metal was re-
crystallized and cooled slowly from BT - 50°F ({.e., <100°F/hour),
these same measurements were made after the metal was placed in three
additional conditions. The first of these additional conditions
involved reheating the recrystallized and slowly cooled metal to
1400°F holding for 1 hour and then air cooling the product to room
temperature (Duplex anneal as described in Table 1I). Following re-
crystallization at BT - SOOF, a portion of the basal transverse
textured metal was air cooled directly to room temperature and
tested with no further heat treatmeut (Rex'l 1I as detailed in Table
11). Finally a third condition resulted when a portion of Rex'l I
metal was vacuum annealed at 1550°F to remove hydrogen. This metal
was slowly cooled (&t <100°F/hour) to 1400°F in vacuum. At this
point furnace power was disconnected and the vacuum was removed by

flooding the belljar chamber with cold He gas.

In Table VIL1, we present elastic modulus data as a functior of product
direction for all three air atmosphere recrystallization heat treat-

ments.
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TABLE VIT

EFFECT OF THERMAL PRACTICE ON THE TEXTURE
OF 6A1-4V Ti ELI GRADE

Thermal Practice ERolling Direction EWidth Direction EW-R

(m.s.i.) {m.s.1i.,) (m.s.i.)
(1) Recrystallization 15.65 20.25 4.60
+ fugnace cool at
<100 F/hour (Rex'l I)
(2) (1) ¥ Reheat to 15.45 20.25 4.80
1400 g & air cool at
»>2000 F/hour (Duplex)
(3) (1) + Reheat to 14.85 18.95 4.10

170005 & air cool at
>2000 F/hour (Rex'l II)

As one can note from the above Table, the addition of a reheat to 1400°F
and air cool does not alter the basal transverse textural intensity of
the simply recrystallized and slowly cooled product. It has been shown
elsewhere (see Part II) that the static strength of the two products are
also identical (i.e., Rex'l I and Duplex annealed metals). By contrast,
the Rex'l II practice results in a small but measurable loss in basal
transverse textural intensity, Fatigue crack growth rate tests in lab

air were also conducted for the Duplex Annealed metal in both the LT
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and TL orientations over the growth rate range 1 x 10-6 -1 x 10-4
inches/cycle. The fractographic appearance of those samples was
2lso examined. The results obtained here were indistinguishable
from the Rex'l I results obtained in the same environment. Recall

that the relevant Rex'l I results are presented in Figures9, 12,

and 13.

Figure 19 reports on da/dn vs 4K results obtained at test frequencies
of 2 cps and 20 cps in salt water with the opening mode crack expanding
parallel to (OOOl)a in the Duplex Annealed metal. Also plotted in

this Figure is the relevant lab air data for this orientation (i.e.,
TL) . Inspection of Figure 19 reveals that below a AK of 7 Ksi fin.

the lab air data and the 20 cps salt water results appear to be con-
vergent. As the AK rises, to a level between 8 - 9 Ksi Yin. the da/dn
at 20 cps in salt water is mildly accelerated in a steplike fashion on
the order of a factor of two (considering extremal scatter values).
Above a 5K of 10 Ksi vin., the slope of the da/dn vs. AK relation at

20 c¢ps in salt water decreases with respect ro its lab air counterpart
and the two curves (air and salt water at 20 cps) become a single valued
relationship above 20 Ksi/in. By contrast, the 2 cps salt water appears
to follow 1its lab air counterpart below a AK of 12 Ksivin. In the 2K
range 13 Ksi /in. to 15 Ksivq;ﬂ, the 2 cps sea water data rises

steeply (~by a factor of 6-7 in rate) with respect to the lab air




TR

L L i AL TR SRR o el i s R o R R T T T T TR R A LI T

I T T IO S (WTTICY UL PRAT G g W AT T g

1074

Material: 6A1-4V Ti EL! Grade
with a basal transverse texture

ws=-ead Heat Treat: Rex'l + 1400CF /1 hr,

and air cool 7 “f.A. .
Test Conditions 0o A®
R=0.1 TL Orientation
. o
E(!a o
L
®
-5 } ﬁg
10 | Ap
o @
2o
add @
- V'S
= 2
5 att @
3 > o
g s
5 N Q‘ Figure 19
8 ad Environment: Load
PY Frequency Interactions
on the FCGR of Cracks
o Propagating Paraliel to
-6 A the Major Concentration
10 L A of Basal Planes.
A0
Symbol  Environment  Test Frequency
® lab air 20 hz
A 3.5% NaCl in H,0 20 hz
0 3.5% NaCl in H20 2hz
w0 : ‘
o 10 100
aK (Ksivin)
155
A Ll —N=—1-¢3 73 AR R S i, é

TR TR e T T .
- i i TR - - .
T s L bl B hne B ‘)l‘. i i | TR T
bt 2 b o s 2 ! ; e ot st

i ) el il i, s bl 5

. “‘““N‘“‘ 1 (e




-~data shown here. Above 15 Ksi /I;f,it,beglns to slow down again
urtil)] at a &K of 28 Ksiffa., the 2 ¢ps salt water data cr¥ceeds its

lab air counterpart by only a factor cf 2 1/2,

The effect of final thermal practice (Rex'l 1 and Duplex) on the séa
water fatigue crack growth rate of the 6Al-4v T{ ELI Srvade parallel
to (OOOL)G are compared in Figure 20, In this Figure, we crossplot
the salt water da/dn data taken at 2 and 20 cps parallel to (0001)0
for both heat treatment conditions. Also presented here for raefer-
ence purposes is the TL lab air data drawn as a solid line. Just as
was the case earlier in our seca water KISCC measurements (see Table V),
alr cooling the recrystallized product after stabilization at 1400°F
has a preofound effect on the metals corrosion fatigue crack growth
propensity parallel to (OOOl)a. In Table VIII, we summavrize tois
point by comparing the 4K lcvel associated with a steplike c¢ise in
da/dn as a function of test frequency and heat treatment condition,
Also listed in this Table {is the associated magniitude of the steplike
rise in da/dn rate.

TABLE VIIT

EFFECT OF THERMAL PRACTICE ON THE CQORROSIONM
FATIGUE OF 6A1-4V Ti FELI GRADE

Thermal Practice Test Frequency Kstep da/dn Step Factor*
Rex'1 20 S - 17 >4 1/2

2 7 ~ 8 > 6
Duplex 20 - 7 9 2 14

? 13 -~ 15 vé

*ratio of da/dn at the highest 4K Iin the step to the da/dn at the
low2st 2K in the step.
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da/d¥ (inches/cycle)

Figure 20

EFFECT OF THERMAL PROCESSING /
ON ENVIRONMENTALLY ACCELERATED /A
FCGR PROPAGATING PARALLEL TO & /
THE MAJOR CONCENTRATION /
OF BASAL PLANES - A,'/
/
N | ol A//
" s/
.~ Lab air da/dn
. AV gata for the TL
a y ; orientation
Q(/
| .
*
A Bp/
A0 4/
A
AAA
A -
A A B
A %“
N a %
A a O
A
A
a
.AAA 93
A
A /" Material: 6A1~4V Ti EL| Grade
with a basal transverse
An texture
A O Test Conditions: R 0.1 TL Orientation
A
Symbol Thermal Test Environment
Practice Freq.
U Duplex 2hz 3.5% NaCl in HZO
A Duplex 20 hz 3.5% Nacl in H,0
(] Rex't ] 2 hz 3.5% NaCl in HZO
A Rex'i'1 20 hz 3.5% NaCl in H20
0
AR (Ksivin)
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As one can note in Table VIII, the steplike rise in da/dn rate on

(0001)u in sea water o. urs at a lower 5K level the higher the test

frequency. This 1is the case in both heat treatment states. Moreover,
1e Duplex treatwment causes the magnitude of the da/dn rise during the

step to be significantly smaller and the step to occur at a higher

AK lev:>l when it 1s compared to its Rex'l I counterpart at either

test frequency. The da/dn step factors in the case of Rex'l metal

are quoted in terms of "greater than'" a given number since our da/dn

vercsus £K measurements did not extend to a low encugh value of &K

to insure that we have obscrved the full extent of the steplike rise.

In order to ascertain whether air cooling from temperatures higher
than 1400°F would further improve sea water fatigue growth resistance
on (OOOl)a , samples were air ccoled directly from theivr recryscal=-
lization temperature {(Rex'l I1I). In this situation da/. . observations
were restricted to 20 cps in 3.,7% NaCl in HZO' Results obto..ued

here were similar to those shoun in Figure 19 for the Duplex annealed

metal. Thus scabilization at temperatures in excess of 1400OF but

less than t+he alloy's beta transus provided no additional improvement

in stress corroizion resistance.
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A final attempt was made to lower the residual salt water accekra-
tion associated with crack propagation on (0001)OL in the 6Al-4V Ti
7PLI Grade. In this case the metal was vacuum annealed at ISSOOF_
/and its internal hydrogen content was reduced from 20 ppm to 8 ppm.
As noted above, 1t was slowly cooled to 1400°F following which it
was cooled by flooding the baffled vacuum chamber/furnace arrange-
ment with cold He gas. In Figure 21, we present the results of a
fatigue crack growth rate experiment in salt water wherein the
opening mode crack was expanding on (0001)uin the 8ppm hydrogen
containing material. As onc can note here, removal of hydrogen

at first glance appears to have a deleterious effect on the metal's
resistance to fatigue crack growth 1in 3.5%Z XNaCl in HZO. However,
we know from Figure 20 that corrosion fatigue c¢rack growth on
(OOOI)Q is a strong function of the rate at which the metal cools
from 1400°F. Captured as iv was within the baffled vacuum chawmber/
furnace arvangement, the helium cooled specimen probably chilled
at lesser rate fhan its air cooled counterparts. Thus, the dif-
ference in rates noted in Figure 21 for the twv hydrogen content
samples probably relate to the experimental difficulty of chilling

the seml-encapsnlated sample rather than to any inate difference

between the two samples shown in Figure 21.

Let us now turn our attention to the interrelation between the
fractographic appearance of the duplex anncaled da/dn samples run

in sea water at 0 ocpyg (with an opening mode c¢rack expanding on
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(0001)u ) and their underlying microstructure as a function of 2K

E =77 "(see Figure 22). Fractographically, the results shown in Figure 22 T

are indistinguishable from those shown in Figure 18 for the much
faster growth rate, Rex'l I material. In other words, corrosion
fatigue crack growth in both mateiral conditions occurs (0001)0
via transgranular cleavage and there 1s no evidence on the fracture

faces themselves of the a: B8 :a grain boundary region cracking by

e,

some other mode or acting in some manner to accelerate crack growth
rates in the Rex'l I metal or retard it in the duplex annealed

material. Moreover, no evidence of fatigue crack growth via stria-
tion formation can be seen even when the growth rate intervals were

5

on the order of 1.5 x 10 ° inches/cycle in Figure 22. Metallograph-

JTOU

ically one difference that can be seen between the Rex'l 1 and duplex

annealed TL samples relates to the relative etching rates of the

i

primary alpha vs prior beta grain regions. 1In Figure 18 the prior
| beta grains etched at a slower rate than the primary alpha grains !
whereas these phase related etching rates were reversed in the
Figure 22 duplex annealed samples. Both samples were etched identi-
cally employing Kroll's etch. Thus the different phasél etch rates
may relate to real chemical compusition differences caused by the

H different heat treatments applied tc the two samples.

i In addition to examining the propagation of opening monde fotigue

cracks on (0001)Ol in both grades of 6A1-4V T1i {in salt water, similar

tests were also conducted when the nominal opening mode fatlgue growth




%10 Ksiin. 7

da/dn = 3x10°% inches/cycle

JK 3
20 Ksiin. - 25 KsiVin.-
/ da/dn = 1x107° da/dn = 1.ox107°,
“/ inches/cycle inches/cycle //

1000X 1000X

Figure 22 - Tbid Figure 18, Except Material Condition Here is
fex'l at 1700°F + Furnace Cool + 1400°F/1 hr. + Air Cool

To Orientation; 20 cps
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coeos smesiiplane was (lOIO)Ol ({.e., the LT orientation). Here again informa- -~ -~

tion was sought as a function of material condition 1in the case

e of the ELI Grade. The conditions examined were Rex'l I, Duplex

and Rex'l 1 + vacuum anneal + helium cool in the case of ELIL

Grade and Rex'l 1in the case of the Standard Grade metal.

LA L S

In the Rex'l condition, it was virtually not possible t¢ observe
fatigue crack advance on the (1Oi0)a plane in the 6A1-4V T1 ELIT

£ Grade metal even when the applied AK on such an opening mode

crack was as low as 6.8 Ksi /in. At AK values above this level
on two occasious in 3.57% NaCl in H20 the crack in the comnact
tension sample turned ninety degrees and propagated parallel to
the load line on (0001)cl . One valid measurement crack growth

rate measurement was made on each occasion prior to the crack

deviating from (lOiO)a. At a AK = 6.5 Ksi /IE., the da/dn rate

in 3.5% NaCl in H,0 was 2.0 x 107/ inches/cyele (R = 0.1, v = 20 cps).
Not surprisingly, the same problem of sever.: crack path deviation
arose immediately on immersion in salt water when an attempt was

made to propagate an opening mode fatigue crack along (IOTO)el in the

; Standard Grade 6A1-4V T1 metal. 1In this case no measurements at

al) were possible along (1OIO)a even at a AK = 5 Ksi’in,

Once the EL1 Grade 6Al-4V Ti material was duplex annealed fatigue

crack growth measurements in salt water alnng (1010) were possible
a
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(see Figure 23). The results shown in Figure 23 represent a

i .- .. ..-.compilation of results from several samples. Moreover, the severe .-

crack path deviation prcblem in salt water experienced with the
Rex'l 1 metal was never encountered with the LT orientation of

the duplex annealed metal. The relationship between fatigue

: crack growth rate and 4K on (10i0)a in salt water differs in
several respects from that observed on (0001)u in salt water afrter

duplex annealing (compare ¥Figures 19 and 23). For example, there

is no marked steplike change in da/dn vs AK on (IOIO)Q at 20 cps

[ in salt water. Over the da/dn range investigated, the 20 cps salt

water crack growth data appear to be simply displaced from their

| _

% lab air counterparts by ~ Z Ksivin. over the entire AK range. On E

1 the other hand, the 2 cps salt water growth cata on (10i0)a at low i

d A¥ behaves in a fashion similar to that observid for low cyclic %

: frecuency growth data on (0001)0. Below a 4K of 16 Ksi¥in. at 2 cps, ]

% . the salt water growth data and lab air data on (lOiO)a are co-

£

§ i incident. Above this value, ca/dn in 3.5% NaCl in "20 increases 3

g more rapidly than dves 1its lab air counterpart, On an absolute

é comparison basis of any AK above 10 Kzivin. salt water fatigue R

? ' crack growth proceeds at a much less accelerated rate on (1OIO)G

;' ? at 2cps than it does on (0001)cx (at 20 Ksi/f;., crack growth on

g (1010)“ is 2.5 x faster in salt water than lab air as compared to

E E a 4 4 faster rate experienced on (000])rx in a similar situation in

g the duplex annealed material). Finally thete is some preliminary

% evidcenee ihat the low AK salt water acceleration experlenced at 20 cps

1

L
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A
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on (lOiO)u 1s independent of whether the metal is in the Rex'l I e
condition or duplex annealed state. Recall, we obtained one valid

crack growth rate data point of 2 x 10-7 inches/cycle at 6.5 Ksi/IE.

in the Rex'l I metal prior to the crack deviating badly from (IOEO)G.
Plotting this point on Figure 23 shows that its value is right in
line with the low AK 20 cps salt water data we observed after duplex
annealing. By comparison the low da/dn 20 cps salt water growth

data for the Rex'l I metal on (0001)  are 3-4 Ksi/in. lower at

a da/dn level of 8 x 10-7 inches/cycle than their duplex annealed

counterparts,

An effort was also made to assess the alteration in sea water induced
crack growth rate acceleration on (IOiO)Q associated with a di-
munition in the internal hydrogen content of the 6A1-4V Ti ELI

Grade metal. The dehydriding procedure here was the same as that
described earlier for our (OOOl)a opening mode crack growth samples.
The resultc of this effort are presented in Figure 24. Here again,
reducing the hydrogen content of the metal from 20 ppm hydrogen

to 8 ppm hydrogen had no effect on our salt water da/dn results

on (IOiO)G over the entire range of AK employed in this work,

Recognizing that the presence of 3.5% NaCl in H20 had produced a
relatively small but distinct acceleration of fatigue crack growth

rate on (1010)a, a metallographic/fractographic investigation was
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performed to identify whether or not a distinct change in fracture

mode could be assocliated with this sea water acceleration. As one

can note by comparing Figure 25 and Figure 12, the fractographic
s H}ppeérance of opening mode fatigue crack growth on (1010)a in salt
water and lab air are distinctly different at low 2K, In lab air,
thé :racture surface associated with propagation on (10I0)ol was a
complex mixture of striations, secondary shear cracking and ductile
‘Eear. fﬁe oresence of salt water during fatigue cracking on (1010)a
elimirated all evidence of ductile tear and secondarv shear. The
frgcturé face in Figure 25 appears as a series of cleavage-like
tire FfaCkS on (lOiO)a . These are infrequently interrupted by
tleavag=-1like cracking oa (0001)Ol as in Figure 25(a) and (b). The
deﬂth of tre (0001)0 cleavage cracks are quite small compared to
their length normal to <0001>a. Interestingly enough, although
these shallow depth (0001)Q cracks occur from time to time, they dc
'hot appear to limit the leungth of a (IOIO)u cleavage crack or tire

track in that the same track appears on both sides of the (0001)Ol

"crack normal to (‘1010)(z . In some instances, the (0001)Ol cleavage
side cracking was assoclated with the primary a:Widmanstutten
¢ + B interface, iu others, this cracking occurred in the center of
a primary « grain (see Figure 25(b)). The length of the tire track-
like (1010)Ol cleavage cracve is considerably greater than the

% comparable primary o grain aimensior (see Figure 25(a)). Based on

the metallography shown in Figures 22 and 25, one can conclude that

the 6Al-4V Ti K11 “rade metal rossesses an equiaxed primary a grain
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size of wul2 . Thus the width of these tire tracks are consider-

:ably smaller than the relevant primary a dimension as well.

Above a 4K of 20 Ksi/“Tn., the salt water crack growth data on
(10i0)a closely approaches its lab air counterpart in Figure 23.
Under such conditions of high AK in salt water, one finds

striated growth on (1010\0 (see Figure 26) that is indistinguishable
from that shown in Figure 13(b) for similar crack growth in lab air.
Striation spacing in Figure 26 is on the order of 5 x 10-5 inches
which agrees well with our Figure 23 20 cps salt water result of

4.2 x 107° inches/cycle at 25 Ksi Yin.

In Figure 27, we present salt water fatigue crack growth rate
results for an opening mode crack propagating .on (000])u in 6A1-2Sn-
4Zr-6Mo Ti (Condition - Rex'l, see Table IT for détails) as a
function of cyclic loading frequency. The test fregquency dependence
of the results we obtained here is similar to that reported earlier
for cracks propagating on (0001)Ol in 6A1-4V Ti. Here again, a
steplike rise in salt water growth rate with AK occurs between 6 - 7
KsivYin. in the case of the 20 cps test data. 1In the case of the

2 cps salt water data, this same step occurs at a somewhat higher

0K level (7 - 8 Ksi/in.). Once more the absolute magnitude of this
steplike change in terms of da/dn alteration is greater in the case

of the 2 cps data. As before, salt water test data taken at both
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Mat'l: 6A1-2Sn—-4Zr—-6Mo Ti
with basal transverse
- texture.
Heat Treat; Rex'l + 1200°F /1hr.
angd air cool
o .5 Test Conditions
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o} in H20
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test frequencies approaches that observed in lab air
Finally the magnitude of the sea water aceeleration
experivnced by 6Al-2Sn-472r-6Mo 1i on (()(J(’\])'J at both

is verv similar to that given in Figure 15 (Material

Grade in Rex'l T condition).

An attempt was also made to measure the f.c g.r.

C . HE

opening mode crack propagacion on (]'C)T())_l in salt wa
28n-47Zr-AMo Ti in Rex'l condition. Once apgain, as w
earlicer with the Rex'1 1 condition of 6Al-4V Ti, it
to attain a very high value of K without the crack
nincty degrees to grow aleng (DOOJ)J in salt water.
woo obtzined prior ro sny significant

Are shown in Figure 28, At low ‘K, the tread noted

salt water crack propagation jn Rex'l I 6Al1-4V 11 FL

at low 4,
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Lest I reguene e

TOAYTAY g T

nciated with
Ler Voer AAT-

s the ecae

Was noel opossah|e

path deviarins

Those resait -

VFack pati o deviation from iy

carlicer for (In o

I Grade is

affirmed here in that da/dn in lab air and salt water aprear io

merge in the 8 - 10 Ksi vin. /K ranye.

e M T WIHE IO TTMA AT ML L Y £ w M L _m s (Pe YRR ASen affe . TAL




-5
1x10
Effect of Environment A
on the FCGR of Cracks A
Propagating Normal to A
the Major Concentration
of Basal Planes.
A
A
-6
1x10 | Fy
A A
A
A
= A
2
k=
] Figure 28
3
Mat'i: 6A1-2Sn--4Z1-6Mo Ti
with a hasal transverse
texture
Heat Treat : Rex'l + 1200°F 1 hr.
+ air cooled
-7 A
Ix10 7 Test Conditions
R=0.1,y =20 cps, LT Orientation
Symbol Environment
A lab air
a 3.5% NaCl
in H,O
]
2 X 10 " R
2 i0 ) 100
oK (Ksi/in.)
)74

meTeremm s é?%%lg'::-aaga

1 Bl

]
P o1

e, bt el b o

hall bl Pt e

bl i

i o sl

gl

TN TREN




T

L

Ladt S

o

DISCUSSION OF RESULTS

Several matters elucidated through our results require further
discussion. These are:

- the relationship, if any between plane strain
and mixed mode fracture toughness properties
of titanium alloys as they are altered by metal-
iurgical changes (alloy content, crystallographic

orientation, etc.)

- thecrvstallographic dependence of fatigue crack
growth rates in lab air and its interrelation

to alloy chemistry.

- the strong interaction between opening mode crack
growth on (000])( in salt water and final thermal
X

practice in 6Al-4V Ti ELI Grade.

It is widely accented in titanium alloy metallurgy that if one
appreciably raises the oxygen lecvel of an alloy such as HAL1-4V
(c.2., from say 0.095 wt#% to 0.162 wt#) under conditions of

pa

constant microstructure its plane strain fracrture toughness wi

11

significantly decrease. For example, Harrigan et al (Reference

5) showed the plare strain fracture toughness of equiaxed and
crvstaliized rolled HAI-4V Ti products to decrease by 50% when

the oxvgen level of this basic alloy was raised from 0.12 wtZ

Tre-

to

0.1 wt% in materials whose basal pole distributions were random.
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Another generally accepted idea is that the plain strain
fracture toughness of the 6A1-2Sn-4Zr-6Mo Ti alloy is sig-
nificantl]y inferior to that of the 6Al-4V Ti allov when bhoth
are compared posscessing similar microstructures. Specific
documentation for this general principle can be found by com- :
paring the results of Harrigan et al. (Reference 5) in 6A1-4V Ti
with those of Hall et al (Reference 11) for 6A1-2Sn-4Zr-6Mo Ti.
Our current fracture toughness results expressed in terms of
R-curves for slow stable tear under a mixed mode loading cond-
ition (i.e., a mixture of plane stress and strain states due

to cur sample geometry) are not wholly in keeping with the plane
strain fracture toughness trends just reviewed. For example,

slow stable tear in 6A1-4V Ti under mixed mode loading (see
Figures S - 6 or Tables IIl and IV) is not sensitive to oxvygen
level in cither test orientation. This appears to be true for
both the K to initiate slow stable tear {Table IV) and the maximum
K assmciated with this mode of tearing I{ one compares the
initial slow stahle¢ tear resistance of 6Al-4V Ti and 6A1-2Sn-4Zr-
6Mo Ti in Table 111, one finds that in accord with the plane :
strain fracture experience reviewed earlier Kinitial for the latter

alloy composition is appreciably lower than for the former. How~-

[ T

ever, this accord with plane strain fracture behavior breaks down

again in Table 1V when results for the two major allov compositions
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are ccmpared in terms of the maximum value of K for slow

stable tear in each material.

The primary difference in stress state between plane strain and
plane stress in a purely elastic material is the absence of a
hydrostatic tension component in the latter case. Recall that in

the case of plane strain (assuming Hookes law)

of is on the order of 2/3's of O x andoyv in plane strain.

/

cJZZ

Based on our current data, it appears that increasing the inter-
stitial content of 6A1-4V T{ does not significantly reduce the
metal's fracture toughness when the hydrostatic tension component

of the elastic stress field surrounding the crack tip is small.

As loads are applied to a crack in a metal, a plastic zone develops
about the crack tip. At the onset of slow stable tear in a mixed
mode increasing K situation, the crack advances, the plastic zone
sfze increases and metal in the wake of the crack which wag formerlvy
plastic uri0ads. The first twec procedures subtract enargy from

the applied strain field while the third event returns energy to

the system. The mixed mode tear resistance in terms of K increases
at first and then approaches an asymptotic value or steady state
based on an energy balance of coatributors and users. Thus, the
high level of asymptotic tear resistance noted for 6A1-2Sn-4Zr-6Mo Ti

reflects an increasing proportion of the total system energv bhelng
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devoted to plastic deformation
This concept is sunprortable

for the onset of stable tear

of orientation noted above

in Figure 8. In Figure 8(a) and

on (0001) appedars to result from a combinarion of cleavage faceting
‘X

and ductile tear in our lab
Alpha phase crvstallography
growth could be induced or

(see Table V).

The R-curve results obtained
weil beyond their vaiue in repcrting on the
~f fracture tcughness in Ti pseudo single
erial selection, processing,and control for aerospace

designs are dictated in part

of kIC

the design is such that fracture can
nlane strain mode, then choosing materials

timize K is quite reasonable.

1C

ments are such that fracture

it is no longer clear that

vxample, manv aevrospace desipns emplecying

use of ELT Crade chemistry

to provide fer maximum pltane

i m - am ™ sem - T S .-

as K rises.
relatively
in 631-28n-4Zr-6Mo irrespective

that crack growth

K experiment 44 Ksivin.).

(1010)  in a simi ¢ Ksivin.

in this work mavy significance

orientation dependence

our knowledge of variation

with alloy content and thermomechanical processing.

cxpected to occur

and processes

structural
in a mixed mode situation,

reascnadle.

in fracture

toughness
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ciall out requires the user to pav a penalty in static tensile

propertics with respect to employment of the Standard Crade of

this alloy. Sincve loss of static tensile properties generally
1 results in heavier components, the penalty for the use of KIC in
the design selection process for structures that will faill in a

mixed mode  becomes very real. Certainly, this is a subject that

is guing to reaquire more effort and artention in the future.

1 Current results indicate that opening mode fatigue cracx growth
F rates in lab air on (1010) in 6A1-4V Ti are independent of inter-
A

i
3 stitial content in the 5K range 10 Ksi vin, to 50 Ksi +in. More-
b over, lab air fatigue crack growth rates on (1010) in 6A1-2Sn-4Z%Zr
= o
: 6M0 Ti are similavr c¢unough at any given K tc¢ their counterparts
, ;
i in HALl-4V Ti to suggest that such crack grow: v on (1010) may also
+ o
E

! be independent of alloy chemistry over tne entire alloy raunge in-
. vestigated here (see Figure 29). This conclusion is also in conce

with the fractographic morpholeogy shown in Figures 12 - 14 for

lab air prism plane cracking in these metals.

T Y T

14
% By contrast with prism plane fatigue cvracking, opening mede fatigu
LI
HE crack propagation in lab air on (0001) is significantly cifferent
h 8 )
for the three allov compositions investigated here (see Figure 30)
One notes here that increasing the interstitial content of bAil-4V
r
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produces a significant

the basal plane.

which appears to develop
fall in between those
It

differences in alloyv chemica

fractographically
results,

and

higher content of alloy

alpha phases than do the ELI Grade Ti 6Al1-4V

Macroscopic Alloy
Chemistry

increase in

Also plotted here

basal plane

is tempting to assign the differences noted

1 composition.

these diverse allev
A common feature shared by
the 6Al1-2Sn-4Zr-6Mo Ti metals

stalbilizers

6A1-4V Ti ELI Grade

6A1-4V Ti Standard Grade

6A1-25n-4Z2r-6Mo Ti

da/dn

at all values of AK on

is the da/dn vs. 4K relation

developed in lab air for basal cracking in 6A1-2Sn-4Z2r-6Mo Ti

crack growth rates which

associated with the two grades of 6A1-4V Ti.

in Figure 30 to

Support for a con-

clusion that the basal plane crack growth data spread in Figure 30
actually arises due trn alloy chemistry differences can be {ound in
our observations in Figures 12 and 14 wherein one notes that

the 6A1-4V Ti Standard Grade

is that both materials have a
in their

dissolved respective

allovy.

Approximate Alloy Chemistry

ol Alpha Phase
(afteg a furnace cool from
_ .. _1700_F)
6.67 Al + 0.10%Z O
6.6% Al + 0.175% 0
7.0% Al + 2.3% Sn + 0.14% O

In this regard Lim, McMahon, Pope and Williams (Reference 12)
have shown that the addition of oxygen to an 87 by wt Al~-Ti bLinary
i 181
§
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compositions produce identical
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increases the thermnal stability of the Jong ranpge ordered phase,

liJAl. Moreover, Welsch et al (Retersnce 13) have observed 1inely
dispersed “2 (TiJAI) in a4 6Al-4V 11 alloy containing 0.2 wt¥ oxygen
after the metal was solution annealed at 1750”F and aged at 1025°F
for several hours. Working with metal taken from tne broken
compact tension samples we used teo generate Figure 30, S. Yujishiro
(Reference 14) has examined all the three alloy materials emploved
in this research effort for evidence of super lattice reflectiuns
employing a standard thin film TEM techaique. His work was to no
avail in that he couid not find any evidence of such long range
ordered regions in any of the rhree Rex'l allor compositions
employed here, It is, however quite rz2ascnable to assert that

the more closely a given alloy phase chemistry appreaches that assoc-
iated with long range order, the more intense prccurscr short

raage ordering becomes (References 15 and 16). This 1s cspecially
true since our metal samples have been slowly cooled ( at less

than IOOOF/hour) through the temperature range (1400°F » 70°F)
where long range order would have been introduced had our wetal
chemistries been slightly richer in alpha stabilizers. [nvoking
the concept nf the short range ordering (sro) of alpha sta-
bilizing constituents, one then can prognosticate that the degrec
of sro would be higher in the 6A1-4V Ti Standard Cradce and
6A1-2Sn-4Zr-6Mo Tt compositions than it was in the AAL1-4V Ti ELI

Grade. Since deformation occurs with less work hardening and
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becomes more planar in ordered structures, one could fourecast
the fat! we crack growth rates to be fasrer at any given AK in

+he more ordered structiure.

The results in Figure 30 were obtained after each of the 6A1-4V Ti
alloy compositions were cocled at less t.uaan lOOOF/hour to room
temperature from their recrystallizaticn temperatures (BT-SOOF).
Thus, each of these compositions should possess a substantiaily
higher degree of sro than would say a similar material which was
duplex annealed. 1If sro is playing a role in the growth rate
stacking shown in Figure 30, one expects duplex anunealing should
decrease da/in on (0001)u : <1010>aduring a lab air test. However,
we have already reported that Kex'l 1 and Duplex annealed versions
of our 6Al-4V Ti FELT Grade metal produced the same da/dn versus 4K
relation on (OOOl)a : <lOTO>a in lab air,. Unfortunately, we dicd not
daplex anneal the 6A1-4V Ti Standard Grade and repeat this

critical test. There are three possible reasons why ocur data
comparison for Duplex annealed and Rex'l processed 6A1-4V Ti ELI
Grade showed no positive evidence with respect to the importance

of sro. Firstly, sro is simply not an important causative factor

in generating the da/dn stacking in Figure 30, Secondly, the
maximum degree of sro possible in the ospecific composition we

are dealing with in the EL1 Grade alloy is small (6.0 wt? Al,

0.095 wt% 0). Thirdly, sro alone is not responsible for the da/dn
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acceleration noted in Figure 30 but its presence combined with
another metallurgical factor are demanded in order that this
acceleration occur, Some recent results of Lewis et al (Referenre
17) suggest evidence that one good reason for the ELI
Grade da/dn rates not showing a strong sensitivity to final
thermal processing is that the degree of sro js not very large

in this specific alloy composition 1n either heat treatment con-
dition, Working with 6A1-4¥ T{ allov plate -sntaining 6.5 wt? Er
aluninum and 0.2 wt? oxvpen, they measured da/dn vs. 8K relations
for L oriented samples in lab air as a funcrtion of heat treatment.
These samples were recrvstallired at 177SOF and then cooled at less
than lOOOF per wour Lo below 9GGOF. A portion of these sampies
were reheated to IQSOOF, stabilized aud air cooled. Tf one com-
pares da/dn results at a A¥ of 14 Ksi +in. for the material which

! was simply furnace cooled versus its duplex counterparts, he finds

air (2 x 10.5 inches/cycle versus 2 x 10-6 inches/cvcle, respectively)

the furnace cooled metal cracking at a 16 times faster rate in latb E
for the test conditions R = 0.1 and v = 20 c¢cps. Although the basal §

pole texture of this material is ncot reported, tlese authors

present fract-graphsg taken from the da/dn samples in both heat | i

. 1
i »
f trcatment conditionys at AK = 14 Ksi in. Both heat treatment :

conditions show very extensive cleavage faceting reminiscent of
the current results In Figures 12 and 14 for "near basal"” cleavage. g

It i not unreasonable, therefore, to assume that the metal In the

L]




Lewis et al study probably was heavily basal transverse textured.
Testing the TL orientation is thus equivalent to testing (OOOl)a:
<1010>a. In the case of the Lewis et al study the extreme da/dn
sensitivity to thermal processing may actually be due to the
presence of 02 in the furnace cooled metal rather than a higher
degree of sro (with respect to its duplex annealed counterpart)
based on the results of Welsch et al (Reference 13). Thus one
could argue that the Lewis et al results support the concept that
the growth rate stacking with alloy composition shown in Figure 30

for basal crack growth is caused by differing degrees of ordering.

However, sro or 02 are three dimensional phenomena and if one alone
were responsible for the alteration in growth rate with alloy
composition shown in Figure 30, it would be very difficult to
explain the prism plane cracking results presented in Figure 29
1 for the same three alloys where it is reasonable to conclude that
‘he varlous materials' growth rates are not sensitive to altera-
tions in alloy cnem.stry. In this regard, Powen (Reference &)
has shown that a major source of fatigue striation formation at
high AK (>20 Ksivin.) in both LT and TL orienfations of basal
transverse textured 6A1-4V Ti 1is {]Oil}u/{11§2%:<11§3>a or
<c+a”> slip. Thus at high AK where growth rate differences exie«t
Letween the various allov compositions in Figure 30, the two sample

orientations (TL & LT) ¢ven share a common slip system mechanism
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which accounts fc. a major fraction of the crack advance we
measured at ary given 8K, Thus, although strc may not be the sole
cause of the differences seen in Figure 30, we shall show that it

is a necessary but not sufficient condition for these differences, E

In Figure 9, we note that (0001)0 : <10T0>a or TL oriented growth

for 6A1-4V Ti FLT CGrade 1s only significantly faster than (IOTO)Q:
<!’)0"1>(1 or LT oriented growth at a 8K below 12 ¥Ksi Yin. A com-
parison of Figures 12(a) and 13(a) suggests a change in fracture mode
from a major fraction of thte crack advance occurring in a "near
basal'” cleavage mod: at low AK where the TL growth was accelerated
with respect to LT _.triated fatigue of the tvpe analyzed by Bowen
(Reference 8) at high AK, '"Near basal'" cleavage cracking also was
the predominant mode of crack advance on (OOOI)G : <10'1'0>.J oriented
samples in 6A1-28n-~47r-6Mo T1 at low LK (see Figure 14(a)). Thus, :
onc of the contributors to the differences in fatigue crack growth
rates noted in Figures 9-i1 between TL and LT oriented samples at

low &K is the occurrence of extensive "near basal'’” cleavage In

the former orientation,

Having identified "near basal' cleavage as one source of Jlab air

fatigue crack growth acceleration (with respect to (10T0)(x : <0001>u

fatigue crack growth), another chemical Aifference between the three

major alloy compositinns emploved in this wor}l takes on new signi-

S PRI

ficance and should ke cons{dered., The hyvdrogen contents of these

three materials is also different.
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Variation of Hydrogen Content

With Alloy Type

Alloy Type Hvdrogen Content
(ppm hy wt.)
6A1-4V T1 FLI Grade 20
6A1-4V T1 Standard Grade 44
6A1-25n-472r-6Mo TH 68

In thtis regard, Mevn (Reference 10) has shown slow stable tear
in 6A1-4V T1i plate tr~ he a function of the hydrogen content of the
metal, These observations were made in lab air under static load-

ing. Fractographically, he reported that the major mechanism

for his otserved slow stable tear was ''mear basal” cleavage. More-
over, the aluminum, hvdrogen and oxvgen levels emploved in his weork
covered the range of chemical compositions studied here. Let us
assume for a moment that the '"near basal' cleavage observed 1in
Figures 12(a) and 14(a)-(b) is caused by the presence of hydrogen

in the alpha phase, Incidentally the hydrogen level in the Lewis et
al metal was 59 ppm by wt. Furthermore, recognizing that the hy-

drogen content of the 6A1-2Sn-4Z2r-6Mo T1 1is appreciably higher

than its 6Al«4V Ti counterpart and yet the Standard Crade 6Al-4V Ti E

] cracks more rapidly in Figure 30, then thue presence of hvdrogen in

I

the overall alloy can again be assumed to be a necessary but not

T S

-

sufficient condition for da/dn acceleration, In this case, accelera-

ol

tion is defined with respect to what that growth rate would be 1f

I

fatigue crack advance took place at low AK (Figure 12(a) and Figure

o bl Lt

14(a) & (b)) as it does above AK = 17 Ksi /in, (Figure 13(a)) where

m

the dislocation slip and twinning mechanisms described by BRowen

sl

(Reference 8) apply. Schematically the da’/dn versus &K relations

Loy ol g

nypothecated here are as follows:
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lab air ) {
/ <0001>_ : <1010> Orientation
da/dn Crack Adv- //’ R = 0.1

ance by //

cleavage V4
7
-/ Crack advance by <c+ta>
// slip &§ twinning (Bowen, :ibid) ]
i ]
' 3

At this point in our deliberations it appears reascnable to
state that there is a moderate amount of circumstantial evidence

that sro and the alloy's hvdrogen content are able to combine

in some as yet undefined manner to cause lab air crack growth

acceleration at low AK on (0001)(1 in the nominal <10i0>u. In

order to appreciate how important these two factors are In con- :

trolling fatigue crack acceleration by "near basal" cleavage, i

let us review the results we obtalned as a function of heat

treatment Iin salt water with TL oriented samples. In a salt i;
water environment, we have shown that a majority of the da/dn |

acceleration at low 4K on (0001)u : <10i0>Ol present when samples

of 6A1-4V Ti ELI Grade were slowly cooled from 17000F to room

18¢ !




temperature (at <100°F/hour) can be removed when this same
material is simply reheated to 1400°F held for one hour and
cooled at a rate exceeding 2000°F/hour (see Figure 20). 1t
should be recalled here that the additional heat treatment
given the metal in the latter case did not c¢hange either its
tex.ural intensity or tensile properties (with respect to the
furnace cooled metal). From the viewpoint of alpha phase chem-
istry, the siowly cooled metal is expected to be slightly richer
in aluminum and oxygen content and slightly deficient in
vanadium with respect to its duplex annealed counterparts.
Considering the strong degree to which aluminum and oxygen

partitions to the alpha phase and vanadium partitions to the

beta phase at lAOOOF, differences in the chemical consituent makeup of

the x phase in the two heat treatment conditions employed here
are expected to be quite small. This ascertion finds support

in the fact Lhat the tensile properties after either of the

two heat treatments were identical., Based on the previously
cited results associated with the stability and occurrence of
long range ordering of Al and 0 in Ti-Al-V alloys (References

12 and 13), one factor which should have undergone a major change
as a result of duplex annealing a previously furnace cooled metal
is the degree to which Al and 0 are short range ordered. In the

case of the duplex annealed metal, one expects the degree of sro
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to be quite small compared to the sro state of the furnace

cooled material.

Besides the difference in the degree of sro between the duplex

] annealed material and the furnace cooled metal, there musc pe
another factor reguired to cause the metal to cleave in a "near
basal" mode in salt water. Recall that it was shown earlier that
1 the fractographic:metallographic crack paths in salt water were

g identical in the two 6A1-4V Ti ELI Grade heat treatment conditions

i (i.e., 'mear basal" cleavage). '"Near basal' cleavage was also an

important contributor* to crack advance at low AK when TL oriented

~amples were fatigue tested in lab air in either of the two heat treatment
conditions. However, in the case of our iab air results, no dif- é
ference in crack growth rate at any AK was discernible when Rex'l I ;
; and duplex annealed 6A1-4V Ti ELI Grade products were compared at

! any AK. A major difference between the 6A1-4V Ti ELI Grade da/dn

W b bt s il s

i

3
r

*as Bowen (Refarence 8) points out fo1 6A1-4V Ti ELI Grade metal,
crack growth advance in TL oriented samples of basal transverse
textured metal at AK's > 17 Ksi Yin. i3 a complex admixture of
{1121} twinning and <c+a> slip. At significantly lower 4K in lab
air, we find '"near basal" cleavage plaving a large role as well but 7
some fraction of crack advance continues to occur via Bowen's 4
previously identified mode. Compare Figures 12(a) and 14(a) & (b)
with Figure 13(a).
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tests conducted in lab air and salt water was the amount of

hydrogen available to enter the plastic zone surrounding the

Sl

o
ot LAt Db L ol o

propagating crack. Essentially the salr water environment re-

o

presents an extremely large source of hydrogen compared with the
20 ppm of hydrogen that was available when this metal cracked in
lab air. It is for this reason probably that vacuum degassing the

6A1-4V Ti ELI Grade metal produced no further decrease in the

Ml | ol i e

metals da/dn rate in salt water (see Figure 21). Based on the

present effort, one can postulate, therefore, that if a substantial
quantity of hydrogen is present in the 6A1-4V T1 alloy, the

fractographic result expected upon the application loads normal

to (0001)  is "near basal' cleavage. Fractographically, our lab

air da/dn samples showed ''near basal" cleavage to ccover a major
fraction of Figures 12(a) and 14(a) & (b). By contrast in Figure 18,
evidence of all other fracture modes are gone and the fracture face

consists of 1007 "near basal" cleavage. This alteration provides
additinnal suprort to the concept that one role of the saline so-
lution is to supply large quantities of hydrogen to the crack tip
plastic zone. In agreement with this postulate connecting hydrides
and "near basal" cleavage Paton and Spurling (Reference 18) have
shown that in a Ti-6.6 wt7 Al binary alloy, low hydrogen super-
saturation concentration (at least down to 100 ppm by wt.) will 1lead
to hydride platelet precipltation on the h»asal plane. Moreover,

such hydride precipitation will occur preferentially in the area of

high residual stress. The fracture of such hydride particles,
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habited on the basal plane as it were, would be expected to occur

by a cleavage mode.

A major question still rewains as to why the presence of a sig-
nificantly higher degree of sro in the slowly cooled metal should
result in such a large degree of crack growth acceleration in salt
water (and/or lab air, if one considers the Lewis et al results

as well) if the principal fractographic mode is '"near basal"
cleavage in both heat trreatment conditions. A possible answer to
this question is suggested by Paton and Spurling's observation that
in order to precipitate a hydride platelet on the basal plane, basal
s1ip bands are formed which emanate from the tips of these platelets
"in order to provide an accomodation mechanism for the large (~v18%)
misfit of the hydrides in their titanium matrix."” If the degree of
local or short range order is high enough, the ability of these
accomodation basal slip bands to form is restricted, Since a Ti
hydride platelet is ~18% larger by volume than the alpha phase
matrix in which it must form, restricting or preventing the forma-
tion of accomodation basal slip bands at the edge of the platelers
leaves the lattice badly distorted in this region. Moreover, the
distortion of the alpha phase matrix at the platelet edge takes

the form of residual tension normal to the basal plane (balanced

by compression on the fave of the particle). A crack approaching

such a configuration is accelerated through this vregion because

relief of this lattice distortion will act as an additional source
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of crack propagation energy (over z2nd above that supplied by the

externally applied strain field).

The above hypothesls emphasizes that fatigue crack growth rate
acceleration on (OOOl)a in both salt water and lab air in a + B
alloys requires the simultaneous presence of both hydrogen and
some reasonable degree of short range order in the o phase. While
substantial evidence now exists to support this thesis, several
experiments come to mind which should be Jdone to continue to build
confidence in this crack growth acceleration mechanicsm.

+ Lab air da/dn tests in alpha rich Ti alloys on
(OOOI)Q : <1OIO>aas a function of oxygen level
aluminum level, hvdrogen level and the degree of

sro (e.g., as can be varied by duplex annealing).

. Salt water environmental testing of (OOOl)a : <1010>a
farigue crack growth rates as a function of degrees
of sro at oxygen and aluminum levels equivalent to

those employed here im 6A1-4V Ti Standard Crade, etc.
It should be noted that since sro plays an important role in this
hypothesis, one should not be surprised if the minimum stabiliza-
tion temperature in the duplex anneal (i.e., 1400°F in the case of
6A1-4V T1i ELI Grade) required to minimize the rate of '"'mear basal"
cleavage varied with alloy chemistry (i.e., oxygen level, aluminum
level, etc.). For example, H6A1-2Sn-4Zr-6Mo T1 in this study was

stabilized at 1200°F prior to rapid cooling. This stabilization
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temperature was chosen based on William's observation that this

is the lowest temperature at which any a, present in the alloy -~
from the previous heat treatment step of slow cooling from 1700°F

will rapidly dissolve (J. C. Williams, Carnegie-Mellon Universicty, :

R

Private Communication, 1976). As Christian points ocut, however,

sro can be very Iintense just above the order:disorder transformation "
temperature {Reference 16). Thus, although the 6A1-2Sn-4Z2r-6Mo 71

was subjected to a "duplex" heat treatment, the stabilization temp- ;
erature in the treatment was such as to magnify the rate of growth

of a '"near basal"™ eleavage crack under the proposed hypothesis

rather than minimize 1it. O0f course, one expects that the worst

possible case here would be one where gy, itself, was extensively
present and hydrogen was available at the crack tip as could weli :

have been the case in the Lewis et al study,

s

Completer verification of our proposed model for the acceleration
of "near basal'" cleavage fatigue crack growth has real practical
as well as academic importance at this time. Firstly, from an

engineering data perspective, this form of accelerated growth is the

i ] AR 11 s i s

; only significant type available in equiaxed two phase a + B micro-
structures. Recall, that fatigue growth on (10'1—0)0 : <0001>u for
example, is quite insensitive to the details of alloy chemistry and

thermal practice in lab air and only mildly so in salt water when

Ll Lt o it SRR WL

compared to the alterations possible on (0001)Ol <1OiO>u oriented
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samples when these same parameters are varied. Secondly, a

significant fraction of aerospace Ti hardware 1s fabricated such

that 1t is used in a slowly cooled a + 8 equiaxed condition (from
o]

above 1300 F). Moreover, current specificatior requirements for

hydrogen content are set at 125 ppm by weight as a maximum (i.e.,

well in excess of the level of hvdrogen present in any of the metals

studied here) and nc controls exist with respect to the allowed

intensity of preferred tasal poles. Trends toward the use of suct

slowly cocoled metzal are increasing with the introduction of such

cost saving maunufacturing processes as diffusion bonding, super-

i

plastic forming and iscthermal forging. The common denominatcr of

1 all three of the above processes is that they are used to generate

tia L4

precisely dimensioned structural components at elevated temperatures

g Ll ,LMMLM‘_.“

(in the case of 6A1-4V T1i, at >>1300°F). Since rapidly cooling

precisely dimensioned structural components or '"net parts' requires

expensive tooling if extensive warpage is to be avoided, the aero-
space industry is going to be loathe to consider such an additional

thermal process step unless sufficient incentive is provided. A

T

potential method for avoiding the need to rapidly cool a reasonable

fraction of such hardware would be to vacuum anneal the raw stock

at about 1550°F prior to producing the '"net shape'" assuming the
material's hardware useage wculd not involve exposure to saline

water. Requiring 71 raw material producers to supply metal with a
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random arrayv of basal poles represents only a partial solution
to the problem of da/dn acceleration assuming the producers
know how to do this on a commercial basis and were willing to :
guarantee such a product. This approach would certainly lessen

the da/dn acceleration observed in slow cooled metal by averaging

rates on the prism and basal planes in some cnomplex fashion but

should not be expected to remove it.

Let us turn our attention to fairigue crack growth on (lOiO)a: <0001>a

in lab air. As noted earlier in connection with Figure 29, fatigue
crack growth over the AK range 10 Ksi vin. - 45 Ksi in, is rela- :
tively insensitive to allov chemistry details. This resulr is in :

keeping ~ith Bowen's approach (Reference 8) that crack growth above

20 Ksi vYin. can be accounted for in terms of a combination of xc+a>a

slip generating striated fatigue and monotonic fracture (ductile

tear and shear). Essentially our crack growth and fractographic

results extend Bowen's hypothesis to crack growth rates which are
a factor of 10 lower than his observations. Of importance here

is the point that forcing a significant portion of the crack ad-
vance to occur monctonically at da/dn rates as lcw as 7 X 1()_7

inches/cycle (see Figure 12(b)) should lead to this orientation

exhibiting a higher 2K threshold level than would otherwise be

]t 10t i 0 e sl i G Sk

exvected if crack advance was totally striated as was argued in

M Lt

the ITntroduction of Part ITI. A higher 4K threshold, in turn,

Lo St L sl 1

197




i
i Bl M

sl

should result in this orientation exhibiting a higher degree

o i

1 of fatigue crack growth retardation during variable load amplitude
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testing for reasons cited earlier than would orientations where

growth occurs in a totally striated fashion,

One of the more surprising observations in this study was the
incidence of some type of prism cleavage at low 4K in salt water
(see Figure 25). This cleavage did not appear to cause any major
acceleration of crack growth which, in turn, varied as a function
¢f final thermal processing or alloy chenistry at least based on
the preliminary observations made during the current sgstudy. At
high AX in salt water, this orlentation exhibited striated fatigue
(see Figure 26) and thus one can state that whatever mechanism
generares this type of cleavage failure, it 1s only important

at low AK and only generates a modest degree of acceieratior

with respect to lab air da/dn data. Certainly more effort 1is

needed here as well.

3 ' Finally, some comments should be offered with regard to the

frequency dependence of the fatigue crack growth rates we
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observed in both test orientations in saline water. As

Dawson and Pelloux point out the shift of growth rate with
frequency (cay from 20 hertz to 2 hertz) 1is complex (Reference
9). The results we obtained here foi bcth test orientations iIn
terms of the snift of growth rate with frequency alteration in
salt water agree rather well with their earlier results. This

is rather impressive since the mechanisms controlling the accelera-
tion (salt water vs lab air) we observed in the two orientations
are more than likely governed by different microscopic processes
once the AK frequencys:conbination 1s such that the Dawson and
Pelloux "passivating film" remains ruptured throughout a majority

of the load cycle.

In discussing our current results for fatigue crack growth on
(0001)u : <1010>a, we proposed that the same model for ''mear basal"
cleavage governed growth rate accelerations in lab air and salt
water. In this model, the saline environment played an important
role as a source of hydrogen which could readily be diffused into
the plastic zone at the crack tip and thus effectively raise the
hydrogen concentration of the metal on a local basis. In the lat
alr tests, the only source of hydrogen is whatever 1s dissolved

in the metal to start. Unfortunately no da/dn tests were run as

a function of load cycle frequency in lab air in this effort to
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determnine whether a comparavle shift in ecrack growth on (0001)0:
<1010>aexists in lab air with alterations in load cycle fre-

quency. It should be recalled that enough T1 alloy da/dn testing
has been done by various investigators over an extensive period

of time that 1t is generally accepted that shifts in da/dn with

load cyecle frequency alterations will be small in lab air (com~
nared to what is observed from time to time in salt water), {f they
vxist at all. 1If the proposed model of '"near basal"” cleavage

crack growth acceleration does apply equally in lab air and a

saline environment, one must explain why the da/dn frequency shift
in an enert environment such as lab air would be expected to be much
smaller than is observed in an aqueous caline environment. In

this regard, if one tests in lab air, the only hydrogen participating
in the process 18 already dissolved in thc metal. At 70°F hydrozen
can diffuse on the order of a 0.1y per second in pure titanium
(Reference 19) or more than 3 times the rate of crack advance for
the conditions of 20 cps and 1 x 1078 inches/cycle., Thus, dissolved
kvdrogen should be readily avallable to the crack tip. In the

casc of salt water testing, the saline solution is expected to
sunply a large guantity of hvdrogen according to our model. The
large da/dn frequency shifts observed irn salt water could well

be tied up with the rates at which one or more of the various
chemical/electrochemical processes occur which control liberation

of hydrogeu, diffusion of it through the 1liquid phase, absorption
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of it at liquid:metal interface, etc. Finally, some data
do exist which suggests that there 1s a modest shift in da/dn
in lab air with frequency for (OOOI)G : <i2i0>noriented samples.
Working with part through cracked samples of strongly basal
transverse textured 6A1-4V T1 in high humidity air (>85%), Pettit
et al (Reference 2) reported at a AK = 10 Keiv/in. that da/dn 1n
humid air shifted from 7 x 107’ inches/ecycle at 10 hertz to

6

4 x 10" ° inches/cycle at 0.1 hertz (R = 0.1). The metal contained

100 ppm of hydrogen.



(1)

(2)

(3)

(4)

CONCLUSTIONS

Crack growth velocities induced by either static or fatigue
loading in recrystallized 6A1-4V Ti and 6A1-2Sn-4Zr-6Mo Ti
alloys are a strong function of alpha phase crystallography,

final thermal practice and detailed alloy chemistry.

Worting with stronglv basal transverse textured versions
of both generic aliloy compositions, two crystallographically
distinct modes of cleavage fracture have heen identified
during fatigue at low AK. These are (1) the well known

an

"near basal'" cleavage and (2) cleavage on or near the

prism plane of the alpha phase.

The velocity of cracks propagating via a '"near basal'
cleavage mode 1s very sensitive to minor changes in final
thermal processing and alloy chemistry. Combinations of
such small changes can alter the observed crack growth rates
by a factor of 100 during fatigue in 3.5% NaCl in HZO.

In contrast to the extreme velocity sensitivity of 'near
basal" cleavage to minor metallurgical changes, prism

cleavage 1s virtually insensitive to such changes.

202

ol ol gt s

‘Ju.. -
S b




(5) "Near basal" cleavage could be readily induced by statically

loading a cracked (OOOl)a : <10i02 oriented sample of ecither

.

6A1-4V Ti or 6A1-2Sn-47Zr-6Mo T1 in 3.5%Z NacCl in H20. The
same fracture mode also occurred during the static loading %

of similarly oriented samples of 6A1-2S5n-4Zr-6Mo T1i in ]

lab air.

(6) Prism cleavage was never observed during static loading of

cracked (1010)a: <0001>a oriented samples of either alloy

in this program in either lab air or 3.5% NaCl in HZO. In
fact, cracks could not be induced to grow statically in

this orientation in either alloy in lab air or 3.53% Na(Cl

b

il ol R

in H?O even at loadings equivalenc to 80Z of their mixed

mode fracture toughness.

(7) A mcdel 15 proposed to account for "near basal' cleavage
crack growth observed under static and fatigue loadings
in lab air and 3..%7 NaCl in H20 environments which predicts
that the velocity of such "mear basal'” cleavage cracks 1is

a product of:

. f (hydrogen concentration)X g (short/long range
ordering of Al and 0 in the alpha phase)

é
%
4
g
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(8)

9

The metallurgical origins of prism cleavage are unclear
at this time. Prism cleavage has been observed during
the 3.5% NaCl in H20 fatigue crack growth testing of
6A1-4V T1 and in lab air during similar tests with
6A1-2Sn-4Zr-6Mo Ti. In no case when it was observed
was there any marked acceleration of crack growth rate

assorciated with 1its occurrence.

From an engineering perspective, if our "near basal”
cleavage model 1is correct and there truly is a strong
dependence of ''nmear basal' cleavage velocities on degree

of short/long range Al + 0 ordering in the alpha phase, then
one expects the farigue crack growth rates (in lab air and
salt water) of all o + 8 Ti alloys will be very sensitive
functions of the final cooling rate the product sees the
last time it i1s heated to a temperature in the range 1000°F -
1300°F as has been seen here in the case of 6Al-4V Ti ELI
Grade. For example, this alloy composition cracked 10 times
faster at 2 hertz in 3.5 NaCl in H20 when 1% was furnace
cooled through this temperature region (<100“F/% ., *han
when it was air cooled through thir same temperature

range (>2000°F/hr.).
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3 (10) Several new cost saving Ti fabrication methods (diffusion

\~
|
1
‘\
)
1,
[
|
|
b s 2 e P Ml il il UX‘M

bonding, superplastic forming and isothermal forging)

effect their cost saving by producing a virtually "net part" ]
through metal flow above 1400°F in the case of 6Al-4V Ti. 3
These parts are then slowly cooled in their tooling to

room temperature and then used in this final heat treatment

state. Recognizing the potential problems that could arise

as these novel manufacturing practices are adopted for use

in the aerospace industry, recommendations are presented

for their avoildance and specific tasks are suggested for

research in this Iimportant area.
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